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Abstract

This PhD study project was part of the EU collabortation project called AXO-
SUIT, funded under the Ambient Assisted Living (AAL) Programme that
aims to create a better quality of life for older people by strengthening the de-
velopment of healthy ageing technologies and innovation. The main objective
of AXO-SUIT was to develop modular exoskeletons for assistive applications
in the demanding activities of daily living.

An exoskeleton is a mechanism with powered or passive joints and links
that correspond to the limbs of the human body. Exoskeletons have shifted
the field of robotics in a new era of assistive technology research. The ex-
oskeletons have a potential of assisting and augmenting humans in perform-
ing their activities of daily living. The design and development of compact,
safe and comfortable exoskeletons is still challenging. Since the human is
the centre for these systems, understanding the needs of the end-user is
paramount. Involving end-users at an early stage and throughout the de-
velopment phase can be beneficial for the final design of the exoskeleton.

The objective of this PhD study is to use a user-centered design approach
to develop an assistive exoskeleton for general physical assistance for older
adults to continue their activities of daily living. End-users are engaged from
an early stage to derive the requirements and assess the functionalities and
design for the innovative exoskeleton system. This work makes three contri-
butions: 1) the innovative lightweight and compact spherical mechanism, 2)
virtual prototyping using musculoskeletal modelling and simulation of a co-
operative human-robot system and 3) full-body exoskeleton system design
validation including pilot testing.

The first two chapters cover the opening of the dissertation, with the first
chapter introducing the background and motivation for the project. Next,
the state-of-the-art in portable upper-body exoskeletons is presented, high-
lighting some of the limitations of the existing solutions. This is followed
by the user-centered design approach adopted in the AXO-SUIT project in
combination with musculoskeletal simulations. Finally, the overall aim of the
project and how this is achieved though the research objectives and questions



Abstract

is presented.

Chapter 3 presents the first paper, which demonstrates an innovative, lightweight
and compact spherical mechanism that is designed for shoulder exoskele-
ton applications. The three consecutive rotational degrees-of-freedom (DOFs)
range of the shoulder is matched by a double parallelogram linkage (DPL)
connecting two revolute joints. The kinematics and singularities are analysed
for the mechanism as a whole and the double parallelogram linkage on its
own. A dimensional analysis is to carried out to maximise the the range-of-
motion (ROM) of the mechanism. The design of the mechanism has several
new features compared to the current state-of-the-art, such as a relative large
ROM free of singularity, high overall stiffness, lightweight and compactness,
which make it suitable for assistive portable exoskeletons.

Chapter 4 presents the second paper, which investigates the physical human-
robot interaction though a co-simulation model of the human musculoskele-
tal system and the exoskeleton robotic system, named UB-AXO. The physical
human-robot interaction, i.e., the kinematic and kinetic interaction between
the human and exoskeleton, is a major concern for wearable exoskeletons for
both functioning properly and interacting safely and comfortably with the
human. A co-simulation model comprising the biomechanics of the human
upper limb and the dynamics of the exoskeleton, which includes the shoul-
der joint from chapter 3, is developed in the musculoskeletal modelling and
simulation software: Anybody Modeling System. The model is used to estimate
the effect of physical human-exoskeleton interaction, such as muscle activity,
and energy consumption and human joint reaction forces, when performing
cooperative motions. Two simulation studies of simple typical activities of
daily living are conducted to analyse and evaluate the performance of the
exoskeleton system. The simulation results demonstrate that the UB-AXO is
able to reduce muscle loading and energy consumption, while maintaining a
safe physical human-exoskeleton interaction.

Chapter 5 presents the third and final paper, which demonstrates the design,
construction and preliminary testing of a full-body exoskeleton, named FB-
AXO. The development of FB-AXO is the result of comprehensive end-user
involvement, in which functional requirements and product requirements
were obtained. The design challenges including kinematic compatibility and
modularity with innovative solutions are addressed, such as the shoulder
joint from chapter 3 and a passive supportive spine module. The details
of the mechanics, sensors and electronics of the modular system along with
specifics of human-exoskeleton interfaces and ranges of motion are also pro-
vided. A preliminary test with the exoskeleton modules demonstrates a good
compatibility between the user and exoskeleton and some positive effects in
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physical assistance.

The final chapter includes a summary of key results from the publications
within this dissertation and a discussion regarding the results of the studies.
Additionally, limitations of these studies are addressed and recommenda-
tions for future research are outlined.
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Resumé

Dette ph.d. studium var del af et EU samarbejdsprojekt ved navn AXO-SUIT,
som var finansieret af Ambient Assisted Living (AAL) Programme, hvilket er
en organisation med formaélet om at skabe bedre livskvalitet for seldre borgere
ved at styrke udviklingen af innovative hjelpemidler. Det overordnede mal
med AXO-SUIT projektet var at udvikle modulopbygget eksoskeletter, der
kan stotte beveegelsesfunktioner for de aeldre borgere ved kraevende daglige
aktiviteter, s som at lofte tunge objekter i hjemmet.

Indenfor robotteknologien, er et eksoskelet en mekanisme, der beeres af
et menneske for enten at assistere eller forstaerke brugers funktionalitet. Som
navnet antyder, sa bestar et eksoskelet af en ydre struktur (heraf ekso-), der
svarer til kroppens egen struktur. Eksoskelettets led er drevet af enten aktive
(f.eks. elektriske motorer) eller passive elementer (f.eks. mekaniske fjedre).
Teknologien har med sit store potentiale faet oget fokus indenfor forskning
af robotteknologi af personlige hjeelpemidler. Design og styring af kompakte,
sikre og komfortable eksoskeletter er dog stadig udfordrende. Da mennesket
i hej grad er i centrum for disse systemer, er det altafgerende af have en
forstdelse for slutbrugeren behov . Det kan derfor veere yderst gavnligt at
inddrage slutbrugeren fra et tidligt stadie af udviklingen og helt frem til de
afsluttende tests af det endelige design af eksoskelettet.

Malet med denne ph.d.-athandling er at anvende en brugercentreret de-
sign tilgang til at udvikle et assisterende eksoskelet, der kan hjeelpe zldre
borgere til at fortseette deres daglige aktiviteter . Slutbrugere engageres fra et
tidligt stadie og er med til at definere krav til systemet, samt at vurdere dens
funktionalitet under udviklingen og slutteligt at teste det endelige design.
Det vurderes, at resultaterne i denne afhandling har potentiale til at avancere
state-of-the-art indenfor assisterende hjeelpemidler, hvilket kan veere med til
at forbedre livskvaliteten blandt seldre borgere.

De forste to kapitel omhandler indledningen af afhandlingen, hvor ferste
kapitel er en introduktion, der fremhaever baggrunden og motivationen for
projektet. Dernaest praesenteres den seneste forskning indenfor feltet, hvor
state-of-the-art eksoskeletter bliver diskuteret og begraensningerne af de nu-
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vaerende teknologier fremheeves.Herefter praesenteres den bruger-centrerede
design tilgang, der er anvendt i AXO-SUIT-projektet i kombination med
virtuel prototyping gennem muskuloskeletal simulering. I kapitel 2 praesen-
teres de overordnede mal med projektet samt de forskningsspergsmal, der
afsoges i afhandlingen.

I kapitel 3 preaesenteres den forste artikel, som omhandler designet af en kom-
pakt sfeerisk mekanisme til skulderledet pa et eksoskelet . Mekanismen er
bygget op om et dobbelt parallelogram og bestar samlet set af tre rotationelle
frihedsgrader, hvor rotationsakserne er sammenfaldende i et fjernt-liggende
punkt. I artiklen analyseres kinematikken og af hele mekanismen samt kine-
matikken af dobbeltparallelogrammet for sig selv . Efterfelgende gennem-
fores et parameter studie for at finde det sterst mulige bevaegelsesomrade
for mekanismen. Slutteligt er mekanismen fremstillet og integreret i et ek-
soskelet til overkroppen, hvor beveegelsesomrddet afproves eksperimentelt.
Designet af mekanismen har flere attraktive funktioner, som ger den velegnet
til portable exoskeletter, sdsom et relativt stort arbejdsomrade fri for singu-
laritet, hej strukturel stivhed, letveegt og kompakthed.

I kapitel 4 praesenteres den anden artikel, som omhandler en matematisk
modellering og analyse af den fysiske interaktion mellem en musculoskele-
tal model og et eksoskelet til overkroppen, kaldet UB-AXO. Den fysiske
interaktion mellem menneske og robot er et vigtig design faktor for ek-
soskeletter, da den har indflydelse pa performance, men ogsa komfort og
sikkerhed. En simuleringsmodel, som bestar af biomekanikken af mennes-
kets overkrop og mekanikken af eksoskelettet, er udviklet i musculoskeletal
modellering og simuleringssoftwaret Anybody Modeling System. Simuler-
ingsmodellen bruges til at estimere effekten af den fysisk interaktion mellem
menneske og eksoskelet, sésom muskelaktivitet, energiforbrug og reaktion-
skreefter i menneskets led, der alle har indflydelse pa performance og komfort
af systemet. To simuleringsstudier, der tager udgangspunkt i simple typiske
dagligdagsaktiviteter, benyttes til at demonstrere modellen. Resultaterne fra
de to studier viser, at UB-AXO er i stand til at reducere muskelaktiviteten
og energiforbrug, samtidig med at den reducerer reaktionskreefterne i men-
neskets led, hvilket er vigtigt for at opna en komfortable og sikker fysisk
interaktion.

I kapitel 5 praesenteres den tredje og sidste artikel, som omhandler design,
fremstilling og preelimineer test af det modulopbygget helkrops exoskelet-
tet FB-AXO. Udviklingen af FB-AXO er resultatet af en omfattende slut-
brugerinddragelse, hvori funktionelle og design krav er blevet indhentet. De-
sign udfordringer, sdsom kinematik kompabilitet og modularitet, adresseres
med innovative losninger, som det sfeerisk skulder led fra kapitel 3 og et
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Resumé

passivt stottende modul til den nedre ryg region. Detaljer om designets
moduleere struktur, mekaniske design, anvendte sensorer og elektronik bliver
beskrevet sammen med greensefladerne for interaktionen mellem menneske
og eksoskelettet. Den prelimineer test med eksoskelet modulerne viser en
god kompatibilitet mellem brugeren og eksoskelettet og viser nogle positive
effekter i fysisk assistance.

Det sidste kapitel inkluderer et resume af de overordnede resultater fra pub-
likationerne i denne afhandling, samt en diskussion af de anvendte metoder
og udbyttet af studierne. Derudover bliver begraensninger i afhandlingen
diskuteret og anbefalinger til fremtidig forskning fremlagt.
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Chapter 1

Introduction

1.1 Background and Motivation

This research project, part of the AXO-SUIT project [1], funded under the
Ambient Assisted Living (AAL) Joint Programme Call 6, focuses on support-
ing occupational work and daily activities of elderly persons by developing
assistive devices (exoskeletons) designed to comfortably fit the human body
and actively help the wearer. The project brings together three universities
and five companies that are activeand experienced in R&D of assistive de-
vices. The objective of the project is to develop a portable and modular full
body exoskeleton to assist the elderly in their daily living—see Figure 1.1. Aal-
borg University was the project coordinator and led the development of the
upper body exoskeleton (assisting the shoulder and elbow complex) named
UB-AXO, to which the research area of this PhD project is assigned.

Today’s problems of an ageing population affect both individuals and so-
ciety as a whole. At the individual level, natural ageing causes degradation
in personal mobility and handling capabilities and a loss of independence.
Studies have shown that a key issue for the elderly to maintain their quality
of life is to keep their personal functional ability [2]. After retirement, most
elderly persons are still healthy but occasionally lack the physical endurance
to continue their activities at home, in the garden or during social events. By
wearing robotic assistive devices, such as exoskeletons, that supports motor
functions, like walking or lifting objects, elderly persons are able to move
around more easily, reach for objects and manipulate them to perform var-
ious physical tasks [3-5]. This type of exoskeleton can be categorised as a
medium-duty exoskeleton!, as it is supposed to assist the human limb(s) and

LA light-duty exoskeleton would be able to assist the human limb alone or to carry a light
object, while a heavy-duty exoskeleton would be able to amplify human strength.

1



Chapter 1. Introduction

Fig. 1.1: Full body exoskeleton (FB-AXO) developed in AXO-SUIT project.

provide support for a substantial load (approx. 5 kg) to be manipulated. The
need for assistance with these tasks might not necessarily be for the entire
body. For that reason, modularity is included in the design of the AXO-SUIT
exoskeleton.

Determining the needs and requirements is of key importance for any
system development, including exoskeleton designs. However, designing
a system that achieves the required technical performance is not sufficient;
technology acceptance is equally important [6-8]. Providing comprehensive
modular support implies that a high number of DOFs should be comple-
mented, which may lead to a bulky and heavy design that is not ideal for
wearable devices. As a result, such conspicuous solutions may not be accept-
able to the end-user [7, 8]. Thus, adopting a user-centered design approach,
where the end-user is involved in the design phase at an early stage, could
contribute to user acceptability of the technology.

Musculoskeletal modelling could be used to perform simulation-based
designs using bio-mechanical models of the upper extremity and a mechan-
ical model of the exoskeleton. Starting from an early conceptual design and
progressing to detailed designs, the models can be used to access the perfor-
mance of the exoskeleton and iterate the design before manufacturing physi-
cal prototypes. Obviously, this method requires knowledge of the task(s) the
exoskeleton has to solve.

Thus, this PhD research aims to develop a modular assistive upper body
exoskeleton that helps elderly persons to do everyday tasks and stay active
by using an user-centered design approach and biomechanical modelling.



1.2. Brief Introduction to Exoskeletons

1.2 Brief Introduction to Exoskeletons

The exoskeleton is a technology within the field of wearable robotics. In
general, a wearable robot can be defined as a technology that is capable of
either extending, complimenting, substituting or even enhancing its human
user [9, 10]. In this context, the wearable robot can be a substitution to the
human limb(s) or act as an extension to the human body. Exoskeletons or
powered orthosis are mechanical devices that are worn by a human user.
Typically, the term "orthosis" describes a device that is used to assist a wearer
with a limb impairment or disability, while "exoskeleton" describes a device
that augments able-bodied wearers [9, 11].

Research on exoskeletons dates back to the 1960s, when General Electric
Co. developed the hydraulically-powered Hardiman exoskeleton for the US
Army/Navy, shown in figure 1.2. The suit was able to augment the strength
of its operator with a maximum lifting capability of 1,500 pounds (~680 kg).
The Hardiman exoskeleton was actually two exoskeletons in one. The inner
exoskeleton was attached to the operator, while the external exoskeleton car-
ried the objects. Hence, the suit had a robotic master—slave configuration.
Due to its large weight, control complexity and power issue, the Hardiman
remained at the prototype level [12].

In 1990, Kazerooni [13] presented the concept of "extenders" or "body
extenders", where the master-slave configuration is replaced with a direct
physical interaction between the exoskeleton and its human operator. With
this concept, the operator becomes an integrated part of the exoskeleton,
feeling a small portion of the load carried by the exoskeleton.

From the early of 2000s, research in exoskeleton-type systems has truly
exploded with systems such as Body Extender [14], BLEEX [15], ONYX [16],
X082 [17], MIT [18], EKSO [19] and HAL-5 [20]. These newly developed exo-

Fig. 1.2: General Electric’s Hardiman Exoskeleton
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Fig. 1.3: Examples of state of the art exoskeletons; (a) Body Extender [14] (b) BLEEX [15] (c)
ONXY [16] (d) XOS2 [17] (e) EKSO [19] and (f) HAL-5 [20]

skeleton technologies possess a wide range of applications such as military,
industry, medical for rehabilitation, commercial and even sport.

To design a portable, comfortable and well-performing motion assistive
exoskeleton, it is necessary to consider the kinematics and kinetics the hu-
man body. The upper extremity, i.e., the human arm, is constructed for high
dexterity. The majority of the muscles groups are placed proximally with re-
spect to the joints, such that the articulated mass and inertia are minimised,
e.g. the elbow joint is articulated by muscles in the upper arm. Excluding the
hand, the upper body (from shoulder and out) comprises nine main DOFs.
There are five DOFs at the shoulder (three DOFs at the glenohumeral joint,
and two DOFs at the sternoclavicular), two DOFs at the elbow joint and two
DOFs at the wrist joint-illustrated in Figure 1.4. Hence, the exoskeleton for
the upper body, should complement these properties, through its kinematic
and kinetic design.

Kinematic compliance or compatibility is achieve this by matching the
kinematics of the human limbs [9]. Since the exoskeleton is worn by the oper-
ator, the device is attached to the arm segments, i.e., upper arm and forearm,
and a base, typically the trunk or waist. As a result, there is a direct map-
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Fig. 1.4: The degrees-of-freedom (DOFs) in the human upper extremity, i.e., (a) shoulder, (b)
elbow and (c) wrist.

ping between the exoskeleton joints and the anatomical joints of the human.
Typically, this means that the exoskeleton acts in parallel with the human
limbs. Note, that it is not strictly required for an assistive device to spane
all DOFs of the human to be functional. The only requirement is that the
exoskeleton joint complies with the respective anatomical joints of the user
to avoid potential discomfort and harm. Discomfort arises from undesired
internal forces due to axis misalignment between the human to exoskeleton
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joint axis [21, 22]. It is, however, desirable for exoskeletons to span the entire
anatomical workspace, as this leads to unhindered movements of the user.
In addition to the anatomical joint, the exoskeleton also has to adapt to the
different size of the operators, i.e., length and width of body segments.

Aside from the kinematics, interaction between the human and exoskele-
ton can be characterised by how the forces or power is transferred between
the two systems. The concept of power transfer depends on the purpose of
the exoskeleton. Pons et al. defined the force/power interface as either an
external force system or internal force system [9].

For external force systems, the environmental loads are transferred through
the mechanical structure of the exoskeleton to the ground. Hence, the loads
and weight of the exoskeleton bypass the human. For such systems, the
exoskeleton does not have to act strictly parallel with the human limbs but
can have a nonanthropomorphic structure, where the joints of the robot do
not align with the anatomical joints. Hence, the designer is less limited in the
mechanical functionalities for the exoskeleton but with the drawback of more
bulky designs [14, 17, 23]. Note that the external force system exoskeleton is
commonly used for stationary exoskeletons in rehabilitation, which require a
large number of DOFs but do not have strict limitations on weight and vol-
ume. Examples of such exoskeleton robots include ARMin III (6-DOF) [24],
CADEN-7 (7-DOF) [25-27], MEDARM (6-DOF) [28] and Armeo©Spring (6-
DOF) [29].

For internal force systems, the exoskeleton is not grounded. Instead, the
force and power is transmitted between the body segments through the exo-
skeleton. Upper-body exoskeletons are internal force systems, as they trans-
fer loads from the upper arm and/or forearm to the trunk. A consequence of
this is that the human has to carry the full weight of the exoskeleton. The total
weight of the exoskeleton is therefore a limiting factor in the design of these
systems. This often leads to designs with a few assisted DOFs, as most of the
weight of the exoskeleton is related to the force-/power-providing elements
of the device [30].

1.3 State-of-the-art in Upper Body Exoskeletons

In the resent decades, several upper body exoskeletons have been developed,
some of which have become commercially available, while others remain re-
search prototypes. This section outlines the state-of-the-art of upper body
exoskeleton designs and the design approach utilised in their development.
Besides field of application, exoskeletons are frequently classified based on
the force/torque transferring joint in the devices. In the literature, two main
groups are used: passive and active exoskeleton [3, 30-36]. Passive exoskele-
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tons utilises mechanical elements, such as springs, to compensate for external
loads acting on the arm segments. Active exoskeletons are externally pow-
ered elements, i.e., actuators. It is also worth mentioning a third group, which
is the truly passive joint. This joint is not driven by the exoskeleton but by the
human operator. Hence, the joint is not an assistive joint but one that is intro-
duced for increased ROM or as a self-aligning mechanism for improved kine-
matic compliance [37, 38]. The obvious drawback of this is, of cause, that the
human operator must use effort to drive the joint. Some exoskeletons utilise
a combination of one or more of the three types of joints. In this state-of-the-
art review, these types of exoskeletons are considered as active exoskeletons.
Finally, all the exoskeletons reviewed are portable devices, meaning they can
be carried by the user and do not require a mobile/stationary platform.

1.3.1 Passive Upper Body Exoskeletons

The passive upper body exoskeletons utilise mechanical elements to store po-
tential energy that is then used to augment the strength of the user. Typically,
elastic elements, such as tensional springs or rubber bands, are used to store
the potential energy in the exoskeleton [3, 39], however, counterweights can
in principle also be used. For an upper body exoskeleton, this option has
been disregarded as it adds weight, volume and inertia to the system, which
compromises the wearability of the device?. In general, the passive upper
body exoskeleton systems utilise a gravity-balancing principle like the one
presented in [40], to reduce or remove the gravitational load of users’ limb
and/or an object manipulated by the user.

(b)

Fig. 1.5: Examples of passive upper body exoskeletons; (a) CDYS [41] (b) WREX [39] (c) ROBO-
MATE [42]

%In passive lower body and full body exoskeletons used for lifting heavy tools, counter-
weights are used to keep the operator steady. In this case, the additional inertia causes less of
a concern for wearability, as the weight of the exoskeleton and tool is directly transferred to the
ground.
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An overview of some the state-of-the-art passive exoskeletons is listed in
Table 1.1 including their concepts of operation. The majority of the passive
exoskeletons are targeted industrial applications and designed to support
the upper arm (i.e., shoulder joint) during overhead activities, such as the
Ekso EVO [43], PAEXO Shoulder [44, 45], ShoulderX [46, 47] and Skelex360-
XFR [48, 49]. Nevertheless, some of the passive industrial exoskeletons are
designed to support activities below shoulder height. These systems are
typically attached to the forearm to elevate the entire arm (i.e., shoulder
and elbow joints) like the ROBO-MATE [42, 50, 51], Shiva EXO [52] and
ARMOR-MAN [53]. Commonly, these devices are not designed to enhance
the strength of the user but to reduce fatigue by decreasing the stress on the
arms and prevent work-related musculoskeletal disorders caused by manual
handling tasks [54, 55].

In general, the passive upper body exoskeletons provides support to the
user by transferring the load from the upper arm or forearm to the trunk
through an anthropometric structure. Hence, they only utilise two anchor
points on the user. For designs that supports the shoulder, a serial linkage
structure is typically used, which can be kept fairly compact as the kinematic
chain is kept relatively short (trunk to upper arm), as illustrated with the
CDYS exoskeleton in Figure 1.5(a). For devices that support both the shoul-
der and elbow joint (trunk to forearm), the serial linkage chain is replaced
with an auxiliary parallelogram structure, as illustrated with the WREX and
ROBO-MATE exoskeletons in Figures 1.5(b) and 1.5(c), respectively. The use
of parallelogram structures contributes to a bulky design, as the distance be-
tween the two anchor points is made longer. Hence, to maintain a large ROM
and avoid collisions between the exoskeleton and user, the design becomes
bulky [3].

Some passive exoskeletons utilise more than two anchor points between
the exoskeleton and user to give more comprehensive support. These are typ-
ically used for medical application, where joint level assistance is required.
An example is the AAU cable-driven exoskeleton developed at Aalborg Uni-
versity [56-59]. This exoskeleton does not have a serial architecture; instead,
it is composed of three elements: a body armour, an upper- and lower elbow
bracket and a spring box. A total of five springs are mounted in the spring
box to store the elastic potential energy and compensate the weight of the
upper arm and forearm, separately. A cable is attached to each spring to
distribute the load from the elbow mechanism to the spring box, which is
placed at the lower back of the wearer. Three of the cables are connected to
the upper elbow bracket (assisting the shoulder joint) and two to connect the
lower elbow bracket (assisting the elbow joint).
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Table 1.1: Overview of passive upper body exoskeletons with technical specifications

Exoskeleton  Application Weight  Points of Concept of Operation

Name [kgl Attachment

EksoEVO Industrial 6.5 Trunk and  Assisting elevation of upper arm using a pas-

[43, 60] upper arm sively actuated torque mechanism that gradu-
ally increases assistance over head

PAEXO Industrial 1.9 Trunk and  Passively actuated cable pulley mechanism to

Shoulder upper arm support overhead activities

[44, 45]

Skelex360- Industrial 2 Trunk and  Passively actuated cable driven mechanism

XFR upper arm

[48, 49]

ShoulderX Industrial 3.17 Trunk and  Supports the shoulder in chest to ceiling level

[46, 47] upper arm tasks using a cam based cable driven passive
mechanism

ROBO- Industrial 2.3 Trunk and  Assists the entire arm using a two-segment

MATE forearm parallelogram structure with tensional steel

[42, 50, 51, springs bands

61]

AIRFRAME Industrial 2.7 Waist  and  Supports the shoulders at chest level and

[62, 63] upper arm above using a patented technology comprised
of a spring-cable-pulley system

BESK Industrial 3.5 Trunk and  Supports the user’s upper arms to maintain

[64] Upper arm proper postures and lighten loads for repet-
itive tasks in either horizontal positions or
overhead positions using passively actuated
serial linkage system

CDYS Industrial 2.4 Waist  and  The shoulder is supported during overhead

[41] upper arm activities using at adjustable spring loaded ca-
ble system at the located at the waist

Exy ONE Industrial 355 to  Trunk and  The shoulder is assisted in four levels using a

[65] 43 upper arm passive mechanism

LIGHT Industrial 2.9 Trunk and  Support of shoulder movements for overhead

[66] upper arm activities with a passive mechanism

MATE-XT Industrial 3 Trunk and  Supports shoulder flexion movements using a

[67] upper arm passive spring-based mechanism for in- and
outdoor occupational activities

PLUM Industrial 15 Trunk and  Support of shoulder movements during over-

[68] upper arm head activities

Shiva EXO Industrial - Thigh, trunk,  Supports the back/hip and shoulder for pick-

[52] upper arm  and-place operations and overhead work us-

and forearm ing fiberglass springs designed to provide an

iso-elastic thrust at the arm

Armor-Man Commercial ~ 14.7 Trunk and  Supports the elevation of the arms using a

(53]

Forearm or
Hand

spring loaded parallelogram linkage system
that either connects directly to a tool (camera
gimbal) or the forearms
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Table 1.1: Overview of passive upper body exoskeletons with technical specifications (cont.)

Exoskeleton  Application Weight  Points of Concept of Operation

Name [kgl Attachment

WREX Medical - Base or trunk  Assists the upper arm and forearm using
[39, 69-71] and forearm a two-segment parallelogram structure with

elastic bands

AAU Cable-  Medical - Trunk, upper  Assist the upper arm and forearm separately

Driven arm and fore-  using five tensional springs connected to an

Exoskeleton arm elbow bracket

[56-59]

EksoUE Medical - Trunk, upper  Supports both shoulder and elbow using

[72] arm and fore-  spring loaded joints in a serial linkage system
arm/wrist

1.3.2 Active Upper Body Exoskeletons

Compared to the passive exoskeletons, the active exoskeletons can provide
higher force augmentation and can assist as needed by use of control. The
key advantage of the active exoskeleton over the passive is their ability to
supply the wearer with additional power using actuators. An overview of
some the state-of-the-art active exoskeletons is listed in Table 1.2 including
their supported movements and concepts of operation. For the supported
movement, the number of active and passive joints are typically highlighted
together with the respected movement denoted with joint and anatomical
motion, e.g., S-FE. The following notations are used:

Joint notation: Anatomical motion notation:
S = Shoulder ED = Elevation & Depression
E = Elbow PR = Protraction & Retraction
W = Wrist AA = Abduction & Adduction

EF = Extension & Flexion

IE = Internal & External Rotation
PS = Pronation & Supination

RU = Ulnar & Radial Deviation

The actuators are either placed locally at the specific joints or stored at the
back, where the force/torque is transmitted via cables from the trunk. The
majority of the exoskeletons in Table 1.2 use locally placed actuation, due to
its simplicity and ease of control. When the actuators are placed locally at
the joints, the mass of the distal actuators has to be supported by the proxi-
mal actuators. As a result, this accumulative effect leads to a need for high
force/torque capacity for the proximal actuators. To address this issue, some
designs include passive gravity compensating support mechanisms, such as
the Stuttgart Exo-Jacket [74, 76], EduExo Pro [77, 78] or Mobile Wearable

10
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Upper-Limb Exoskeleton [79, 80].

Distal placed actuators, using cable driven transmission or serial-linkage
systems, require less force/torque capacity, compared to the direct drive ac-
tuators, as they only carry the weight of the mechanical structure of the exo-
skeleton. Moreover, this concept benefits from a more compact design with
actuators being "hidden" at the torso, like the Muscle Upper [81-83], Parallel
Actuated Exoskeleton [84], CRUX [75, 85, 86], Soft wearable exosuit [87, 88]
and Soft Exosuit [89]. The last three examples are so-call "soft" exoskeletons
or exo-suits [34], where the mechanical structure of the exoskeleton is re-
placed with soft-couplings to the human, such as braces or straps. Hence,
these devices pose fewer kinematic constrains for the user compared to the
"hard" exoskeletons. However, the cable-drive transmissions via bowden ca-
bles are generally more complex than the direct-drive in terms of routing,
additional moving parts and increased friction in the tubes.

The majority of active exoskeletons are electrically actuated, due to the
high speed, high accuracy and advanced motion control provided by electric
motors [4]. However, some devices uses pneumatic actuation, typically in the
form of a Pneumatic Muscle Actuators (PMA), such as Muscle Upper [81-83].
The PMA have similar actuation as a human muscle, meaning they can only
preform one-way actuation. Their lightness, good power/weight ratio and
flexible structure make them desirable for portable exoskeletons. Namely,
the flexible/compliance structure is an advantage over the electric motors,
as they lead to a safe human-robot interaction and comfortable exoskele-
ton [90]. On the other hand, the PMAs exhibit a highly non-linear be-
haviour, which makes them more complicated and in general less accurate

(@)

Fig. 1.6: Examples of active upper body exoskeletons; (a) AGADEXO [73] (b) Stuttgart Exo-
Jacket [74] (c) CRUX [75]

11
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than the electric motors, and they require an air-compressed tank to be truly
portable [35, 90]. Electric actuators can exhibit compliance through advanced
control, such as impedance control. This approach has shown success, but
it adds another layer of complexity to the control [91]. Mechanical/passive
compliant actuation can also be achieved for electric motor by including a
spring in the design, as seen with the Series Elastic Actuators (SEAs) used
in AGADEXO [73, 92]. Since SEAs have a constant stiffness, the dynamic
performance is limited and the stiffness property has to be set as a trade-off
between the required bandwidth and torque resolution. To overcome this
problem, Variable Stiffness Actuators (VSA) have been introduced [93, 94].
The basic concept of VSAs is to add a second actuation that makes it possible
to change the compliance and hence the bandwidth of the actuation.

Electric motors are combined with a geared transmission to achieve a
lighter design and good power/weight ratio. On the other hand, gears tend
to introduce resistance in the transmission, which then affects the backdriv-
ability of the system. Backdrivability is a measure of how easily a torque or
force on the output axis drives the input axis and thus the motor. Certain
gears, like worm gears, are not backdriveable, meaning the output shaft can-
not drive the input shaft. Such gears are not ideal for exoskeletons, as the
joint becomes locked if power is cut to the motors. Hence, backdrivability
is a critical design criterion for exoskeletons. A harmonic drive gear [95] is
a gear reducer commonly used in robotic mechanisms and known for their
high gear ratio, compact design and backdrivability [9]. The harmonic drive
gears are used in the Stuttgart Exo-Jacket, HAL Single Joint, UMI and more.

Since active exoskeleton utilise actuators, they also require a form of
power supply, sensors and controllers. The control problem for exoskele-
tons is two-fold. The first problem is sensing the user’s intention to move,
and the second problem is to convert that intention into assistive interac-
tive motion [91, 96]. The acquisition of the user intention can generally
be identified by measuring the interaction between the exoskeleton and hu-
man [9, 91]. The decision-making of a human is performed through cogni-
tive processes that are based on information about their surroundings, which
are acquired through various senses (visual, tactile and auditory). When a
human cooperates with an exoskeleton robot, this cognitive processes is in-
fluenced by the robot and vice versa, the motion of the robot is influenced
by the cognitive process of the human. This is referred to as human-robot
interaction (HRI) [9, 11, 91]. From a control aspect, the human and the
exoskeleton, as a human-robot cooperation system, form a closed loop sys-
tem. Depending on the measurement method of the HRI, the exoskeleton
is either based on a cognitive human-robot interaction (cHRI) or a physi-
cal human-robot interaction (pHRI). The cHRI-based control system mea-
sures common electric signals from the central nervous system to the mus-

12
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culoskeletal system of humans and uses them as inputs for the exoskeleton
control, such as electro-encephalography (EEG) [97, 98], electro-myography
(EMG) [20, 78, 92, 99, 100] or force-myography signals (FMG) [101-104]. Both
EEG and EMG are techniques that extract eletrical signals using electrodes
on the human body, where EEG tracks the electrical activity of the brain by
placing the electrodes on the skull, and EMG records the electrical impulses
generated by muscle activity by placing the electrode on the muscles. FMG is
a technique that measures force or pressure change resulting from muscular
bulging during muscular contraction. With cHRI, the human intent is identi-
fied before the occurrence of the actual motion of the user and the required
torque/velocity /position for the motion of human joints can subsequently
be predicted [23, 91, 105]. On the other hand, the pHRI-based control system
measures the force [38, 76, 88, 106] or motion [80, 84, 107-109] changes that
are the results of the motions by the human musculoskeletal system, which
is then used as inputs to the exoskeleton control. Other techniques include
manual inputs, such as joystick [75], breach operated switch [83] and voice
commands [89].

() (b) (0

Fig. 1.7: Examples of acquisition of the user intention through; (a) electro-encephalography
(EEG) [97] (b) electro-myography (EMG) [92] (c) force-myography (FMG) [101]

Concerting user intention into motion is achieved through interaction con-
trollers. From a control aspect, the exoskeleton and human user together
form a closed loop. Hence, both the user and the exoskeleton must be
considered, when developing controllers for the exoskeleton system. Most
commonly, the interaction controller are in form of either impedance or ad-
mittance controllers [96, 110], however, there are also examples of hybrid
force/position controllers [9, 105].

The concept of impedance/admittance control was introduced by Hogan
et. al. [111, 112] in the 1980s for robotic manipulators and their interac-
tion with the surrounding environment, e.g., welding or assembly robots.
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Mechanical impedance is defined as a body’s resistance to motion when
subjected to a harmonic force, and it is given as the ratio of velocity to
force [111]. The inverse of the impedance is admittance. The general idea
of "impedance/admittance control" is to regulate the robot’s dynamic be-
haviour at its ports of interaction with the environment. The interaction port
is defined as a location, where energy may be exchanged between the robot
and its environment. Hence, the strategy with impedance/admittance con-
trol is to specify a dynamic relationship between motion and force at the port
of interaction and implement a control law that minimises the deviation from
this relationship [113, 114].

Only a few active exoskeletons are commercially available, like the Muscle
Upper from Innophys [81], AGADEXO from AGADE [73] and HAL Single
Joint from Cyperdyne [115]. Similar, to the passive devices, they are devel-
oped are used for industrial applications. Notably, these commercial devices
do not support the entire arm but only a single DOF in the upper body, i.e.,
shoulder or elbow. The AGADEXO, short for Anti-Gravity Active Device
for Exoskeletons shown in Fig. 1.6(a), uses a SEA to support shoulder flex-
ion/extension. The shoulder abduction/adduction and internal/external ro-
tation is achieved though a single passive joint and the cuff on the upper arm.
The cuff only imposes a cylindrical type of kinematic constraint, meaning the
upper arm can rotate freely in the cuff. This simplifies the structural de-
sign of the exoskeleton but with the cost of not knowing the configuration of
the human arm directly from the exoskeleton. Like its passive counterparts,
such as CDYS or PAEXO Shoulder, the AGADEXO supports gravitational
loads. However, unlike the passive devices, AGADEXO can turn the assis-
tance on and off autonomously using a bracelet on the forearm that senses if
the user is carrying an object. Using this input, the interaction controller of
the exoskeleton transitions between a transparent and assistive mode, thus
providing assistance as needed [73]. This is one of the main advantages of
the active exoskeletons over the passive as they have an enhanced possibility
for various applications through software control. However, with a weight of
4 kg, the AGADEXO is nearly twice as heavy as CDYS and PAEXO.

In general, the active upper exoskeleton are used to compensate for grav-
itational loads carried by the user (Table 1.2) either for a single joint, e.g.,
elbow flexion/extension, or joint complex, e.g., the shoulder. A few devices
provide more comprehensive support for the shoulder, elbow and/or wrist,
such as the Mobile Wearable Upper-Limb Exoskeleton [79], UMI [108] and
CRUX [75], illustrated in Fig. 1.6(c). All of these devices are used for re-
habilitation and are only designed to support the weigh of the arm; hence,
the actuation can be designed lighter compared to the devices for indus-
trial application. Since these devices provide support at joint level kinematic
compliance becomes more complex to achieve—particularly for the shoulder
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complex. Whereas single joint exoskeletons can utilise the cuffs to achieve
achieve kinematic compliance, these devices have to realise it with the exo-
skeleton itself. The shoulder glenohumeral joint behaves as a hollow ball-
and-socket joint; hence, the shoulder mechanism must be designed with a
remote centre-of-rotation, that replicates the three rotational DOFs. The most
common solution to solve this problem is using a series of curved linkages
that are connected by revolute joints. The simplest from of this design is
using three revolute joints, also referred to as 3R joints. Typically, the axis
of rotation are perpendicular to each other, such that they form a gimbal
mechanism [26, 28, 116]. However, these devices have limited workspace
due to singular configurations and/or links colliding with the wearer. Al-
ternative solutions to these issues have been proposed, such as designing the
mechanism with its singular configurations at postures the that are less likely
for the wearer to reach [117] or using redundant linkages (i.e., a 4R mecha-
nism) [118]. Alternative designs have been proposed, such as the CXD (short
for Compact X-scissors Device), which is a curved spherical scissors linkage
mechanism [119]. This design stands out from the 3R mechanisms, as it is
free of singularities within its workspace and compactness. However, due to
the scissor-type structure, all three rotational DOFs are coupled, which adds
complexity to the actuation.

The Stuttgart Exo-Jacket [74, 76, 120] is a notable medium-duty upper
body exoskeleton. The device is designed for industrial logistics and mon-
tage applications that either require a stabilization of the arm during assem-
bly tasks or a force boost in logistics tasks [74]. The exoskeleton can actively
support the abduction/adduction and flexion/extension of the shoulder and
flexion/extension of the elbow joint. Additional nine passive DOFs are in-
troduced to compliment the remaining DOFs of the shoulder and elbow and
micro-misalignment between human arm joints and exoskeleton joints. One
of the passive DOFs includes a gas-spring mechanism to support shoulder
girdle movements (shoulder elevation/depression-see Fig. 1.4). The shoul-
der and elbow joints generate 40 Nm and 25 Nm, respectively. However, the
total weight of the Stuttgart Exo-Jacket is unknown from literature.
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Table 1.2: Overview of active upper body exoskeletons with technical specifications

Exoskeleton Application Weight Points of Supported Concept of Operation
Name [kgl Attachment Movements
AGADEXO Industrial 4 Trunk 1-Active  (S- The device uses a bracelets on the
[73,92] and up- FE) forearm to detect payloads in the
per arm 2-Passive hand and transition between a trans-
(S-AA & S-IE) parent mode and assistive mode. A
Hybrid SEA is used to vary the level
of assistance to the user
Muscle Industrial 8.1 Hip, 2-Active A breath-operated switch is used to
Upper trunk and  (Hip and arm)  control the device to disable and en-
[81-83] hand able a gravity offloading control. A
total of 4 PMA also referred to as
McKibben artificial muscle are used
to support hip flexion and arm ele-
vation at the hand. The suit is pow-
ered using an external compression
not worn by the user
Stuttgart Industrial - Trunk, 3-Active  (S-  Force sensors in the users gloves are
Exo- upper AA, SFE & used to detect a load and a force
Jacket arm and  E-FE) controller is used supply assistance.
[74, 76, forearm 9-Passive  (S- The three active joint are composed
120] ED, S-IE, E-PS by direct-drive using DC motors and
& five align-  harmonic gears. Moreover, some of
ment joints) the passive joints are equipped with
spring mechanism for weight com-
pensation of the device
Soft Exo- Industrial ~10 Trunk, 2-Active A voice-based controller is used to
suit upper (shoulder and initiate a gravity compensation con-
[89] arm and elbow  flex-  trol. DC-motors with a cable-pulley
forearm ion) 2-Passive  transmission supports shoulder and
(S-AA & S-IE) elbow flexion movements. Bowden-
cables are use to route the cables
to two anchor points on the el-
bow module. The elbow module
is mechanically decouple from the
trunk module, thus allowing uncon-
strained S-AA and S-IE movements
HAL Sin- Commercial 1.5* Upper 1-Active  (E- The HAL single joint is a module
gle Joint arm and  FE) of the full body HAL exoskeleton.
[20, 104, forearm EMG signals are used to detect the
115] user intention on the upper arm.
The elbow joint is powered with a
DC motor
EduExo Commercial 5.2* Trunk, 1-Active  (E- EMG sensors on the upper arm is
Pro upper FE) used to detect motion of the elbow
[77, 78] arm and  2-Passive joint. The joint is powered by a direct
forearm (S-FE & S-IRE)  drive DC motor with position and

force feedback. A torsional sprint
in the S-FE joint compensates for the
weight of the E-FE joint

* Single arm only
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1.3. State-of-the-art in Upper Body Exoskeletons

Table 1.2: Overview of active upper body exoskeletons with technical specifications (cont.)

Exoskeleton Application Weight Points of Supported Concept of Operation
Name [kgl Attachment Movements
Elbow Commercial >1* Upper 1-Active (E- EMG sensors on the upper arm
Exoskele- arm and FE) are used to detect the intention
ton forearm of the user which is feed to an
[99] impedance controller. DC motor
with cable-pulley transmission are
used to power the elbow joint
SMA Medical >1* Upper 2-Active (E-FE  The active joints are actuated with
Exoskele- arm and & E-PS) four SMAs (Shape Memory Alloy)
ton forearm in antagonist movement, each with
[107, 121] a PID controller for position control
MyoPro Medical - Upper 2-Active EMG signals from the upper arm are
[100, 122] arm, fore-  (E-FE &  used to drive the elbow joint using a
arm and  Hand) DC servo motor, while EMG signals
hand 1-Passive in the forearm is used to assist hand
(W-FE) grapsing
Mobile Medical 4.2% Trunk, 4-Active IMU sensors are used to adopt a
Wearable upper (S-FE,  S-IE,  gravity compensation control strat-
Upper- arm and  E-FE & E-PS) egy. The active joints are powered
Limb forearm 1-Passive by DC motors and either cable-drive
Exoskele- (S-ED) or belt-drive transmissions.  The
ton passive joint is a gravity balancing
[79, 80] mechanism using a spring loaded
parallelogram
UMI Medical - Trunk, 4-Active  (S-  The UMI follows a predefined trajec-
[108, 123] upper AA, SIE &  tory for user to follow using a po-
arm and  S-FE) sition based adaptive sliding mode
hand 3-Passive (S-  control law. The active joints are
RD, S-ED & powered using direct drive DC mo-
E-FE) tors and gearing
RUPERT Medical 0.63* Trunk, 4-Active Impedance based control using posi-
[109, 124] upper (Shoulder tion feedback is used to determined
arm and  flexion, elbow  the level of assistance required for
forearm flexion and  the user to follow a trajectory. A to-
supination tal for four PMAs are used to supply
and wrist  one-way actuation to the users
extension)
CRUX Medical 1.3* Jacket 3-Active The CRUX (Compliant Robotic
[75, 85, with  six (S-AA**, E-FE  Upper-Extremity Exosuit) is a soft
86] anchor & W-PS) exoskeleton***, that utilises 6 cable-
points driven mechanism with DC motors
for cable- and bowden holsters to drive the
drive respective joints using paired antag-

onistic anchor points. The suit is
control manually using a two-axis
analog joystick

* Single arm only
** Only shoulder abduction is supported
*** Soft exoskeletons distinguish from "hard" exoskeleton by not relying on a mechanical structure.
Instead, they only rely on the anatomical joints and limbs
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Chapter 1. Introduction

Table 1.2: Overview of active upper body exoskeletons with technical specifications (cont.)

Exoskeleton Application Weight Points of Supported Concept of Operation

Name [kgl Attachment Movements

Parallel Medical 4* Trunk 2-Active  (S-  Trajectory based impedance control
Actuated and up- AA & S-IE) is used to actuate two DC motor
Exoskele- per arm 4-Passive based SEA in a parallel mechanism.
ton (S-FE & align-  The actuators are placed remotely on
[84] ment joints) the back to obtain a compact design.

The shoulder flexion/extension is
supported with a gravity balancing
mechanism based on a steel tension
spring and a parallelogram structure

Upper - - Trunk, 2-Active (S-FE  The intention of the user is deter-
limb exo- upper & E-FE) mined using a FMG type sensor
skeleton arm and  5-Passive that measures the bulking of the up-
[102, 103] forearm (S-PR & S-AA)  per arm. The two active joints are

driven by direct-drive DC motors us-
ing Harmonic Gears

Soft wear- - - Trunk, 1-Active  (E- An admittance based controller is
able exo- upper FE) used to provide a position depen-
suit arm and dent force profile to assist gravita-
[87, 88] forearm tional loads. The elbow joint is

driven by an electric motor through
a Bowden cable transmission an-
chored at two points

* Single arm only

1.4 User-Centered Design of AXO-SUIT

Determining the needs and requirements is of key importance for any system
development, including exoskeleton designs. However, designing a system
that achieves the required technical performance is not sufficient; technology
acceptance is equally important [6, 7, 125, 126]. One of the notable passive
exoskeletons, Wilmington Robotic Exoskeleton (WREX) [39, 69-71], was de-
veloped for children with limited muscle strength and can be mounted on
both wheelchairs and the body using a back brace and attachments to the
forearm. The development of the WREX included focus group meetings with
approximately 20 participants [71], where needs and ideas were discussed
and prototypes were tested. A similar approach was used for the Ekso EVO,
which was developed in collaboration with end-users and physical therapists
addressing the specific challenges of industrial applications [43]. However,
there is limited, if any, literature available to describe this process. Neverthe-
less, the use of such user-centered design approaches has proven to lead to a
higher acceptance of the technology [8].

A user-centered design approach was adopted throughout the develop-
ment of the AXO-SUIT exoskeletons, which involves a review of end-users’
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1.4. User-Centered Design of AXO-SUIT

needs through questionnaire, focus groups and interviews, kinematic and
kinetic motion study, expert reviews and useability and performance test-
ing [125-127]. End-users were defined in three categories [125]:

Primary End-User are the person who will wear the AXO-SUIT ex-

oskeletons.
Secondary End-User are persons or organisations who are in direct

contact with a primary end-user. E.g., family members, friends, neigh-
bours, care organisations etc.

Tertiary End-Users are institutions or organisations that are not di-
rectly in contact with the AXO-SUIT exoskeleton, but who somehow
contribute in organizing, paying or enabling them. E.g., public sector
service organisers, social security systems or insurance companies.

A range of methodologies were used to ensure that appropriate end-user
input is obtained, e.g., questionnaires, focus groups and interviews. In the
first stage, a questionnaire study was undertaken among end-users in each
partner country [125]. For the second and third stages, end-user demonstra-
tion events/focus groups were undertaken to obtain feedback on AXO-SUIT
designs and physical prototypes, as well as end-user opinions on matters
relating to commercialisation.

Table 1.3: Characteristics of end-user questionnaire study participants (n=34).

Variable Primary Secondary
(n=31) (n=3)

Age (years) 71 (59-86) 29 (27-29)

Gender (%females) 77 4% 66.6%

Height (cm) 165 (152-189) 170 (169-179)

Body Mass (kg) 72 (45-110) 60 (58-75)

The primary end-users prioritised for inclusion in end-user engagement
activities were adults aged 50 years and over that only had mild or moderate
limitations in their ability to perform activities of daily living (ADLs) [125].
A limited number of secondary end-users were also included. End-user re-
quirements were established at the outset of the project, prior to commencing
AXO-SUIT designs. Throughout the project, the requirements and designs
were revisited to ensure that a user-centred focus was maintained. A total of
34 participants completed the questionnaire; 12 in Ireland, 6 in Sweden and
8 in Denmark. Table 1.3 summarises the characteristics of the sample from
the questionnaire. The questionnaire content and methods are reported by
O’Sullivan et. al. [125]. The questionnaire participants ranked the highest pri-
orities for assistance for the lower body, upper body and full body motions,
as listed in Table 1.4.
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Chapter 1. Introduction

Table 1.4: Highest priority body motions ranked by questionnaire participants.

Lower Body Upper Body Full Body
1 Sit-to-stand Lifting/dropping ~ without  Getting up from kneeling
grasping

Walking and turning

Standing

Bending down to the floor

Reaching to the side over-
head/opposite shoulder

Carrying an object in front
with both arms
Pushing/pulling horizon-
tally

Getting up from squatted po-
sition

Carrying small objects with
one hand

Bending over/stooping to
the floor/ground

The design implications and technical feasibility of assisting the end-users
with the prioritised tasks were discussed among the AXO-SUIT consortium
before finalising the target motions to assist. To aid the development even
further, a set of human kinematic and kinetic data was gathered for 10 of
the 12 tasks (see Table 1.5). The motion capture data was acquired in a
laboratory setting using eight participants [126]. The motion capture data
and anthropometric data for the test subject was subsequently imported into
the bio-mechanical simulation software AnyBody Modeling System [128] to
create simulations of the participants performing the tasks. From each of

Table 1.5: Motion study activities conducted in laboratory settings.

No ADL Description
1 Sit to stand /Stand to sit Getting up/sitting down from chair without using hands for
assistance
2 Walking Walking without a load to carry
3 Standing Standing quietly, e.g., at a table/kitchen sink
4 Lifting /dropping Lifting /lowering an item from floor to table
5 Reaching to side over- Opening/closing a curtain
head/opposite shoulder
6 Push/pull in standing Pushing/pulling an item (2 kg approx.) across a table surface
7 Holding object in front (2 Standing while holding a 4 kg item
hands)
8 Getting up from kneeling Both knees on floor, step forward with one foot, rise to standing
(without leaning on external object for support)
9 Getting up from a squat Squat with thighs parallel to floor (or as close as possible to this)
and rise without support
10 Carrying small objects (1 ~ Carrying a 0.5 kg item to front and side, e.g., a cup/mug

hand)
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1.4. User-Centered Design of AXO-SUIT

the completed tasks, the AnyBody Modelling System generates an array of
biomechanical data, such as individual muscle forces, joint contact forces,
metabolism and so on. In this part of the study, the primary interested is to
obtain joint position data (ROM) and joint torque data for the major upper
and lower limb joints of the human body. These data were used to inform
the ROM and torque requirements of the main joints of the AXO-SUIT upper
body and lower body subsystems. The results for the upper body from the
overhead reach task are shown in Fig. 1.8(a) and 1.8(b).

Right Upper Limb Joint Range of Motion - Overhead Reach Task
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Fig. 1.8: Range-of-motion (a) and joint torque (b) during the overhead reach task at the ma-
jor joints of the right upper limb. The boxes indicate the mean range (i.e., mean maximum
ROM/joint torque to mean minimum ROM/joint torque) observed across all participants (n=8).
Error bars mark the standard deviations of the means.

A focus group was carried out at Aalborg University, Denmark, to ob-
tain end-user feedback on the vision for AXO-SUIT, including its functions,
design and commercialisation potential. Seven older adults participated in
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Chapter 1. Introduction

Fig. 1.9: Member of the Focus Group wearing the UB-AXO.

the focus group; four females and three males. Participants were older
adults from the region near Aalborg. Four researchers implemented the fo-
cus group: one moderator, one technical facilitator/demonstrator and two
assistants. Two sessions were completed with the focus group. In the ses-
sions, AXO-SUIT was presented as a full-body modular exoskeleton, aimed
primarily towards older adults, and with activities like cooking and shopping
as potential areas of use. The focus group schedule included an introduction
to the AXO-SUIT concept and vision, a demonstration of the SEM™ Glove
(Bioservo) [129], a demonstration of the AXO-SUIT prototype and a group
discussion of participants” impressions of the AXO-SUIT. The results of the
focus group had implications for both AXO-SUIT design and commercialisa-
tion planning, including motor sizing, material selection, etc.

1.5 Musculoskeletal Modelling in Exoskeleton De-
sign

Simulation-based design, where mathematical models are used to form and
access the design performance, is a strong tool to greatly reduce the number
of design iterations and thus, reduce the costs of physical prototypes. In exo-
skeleton design, multi-body dynamic modelling composed by both a mus-
culoskeletal system and exoskeleton dynamics (illustrated in Fig. 1.10), has
been used to analyse and optimise the design of the exoskeleton [130-132].
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1.5. Musculoskeletal Modelling in Exoskeleton Design

The AnyBody Modeling System [133] and OpenSIM [134] are examples of
the available musculoskeletal modelling software®. Musculoskeletal mod-
els consist of a virtual human model that is treated as mechanical multi-
body system with anthropometric properties, such as bone geometries and
inertial properties, mechanical joints, muscle anchor points and route, mus-
cle actuation models, etc. The models are capable of outputting a range of
bio-mechanical data, such as individual muscle forces, reaction forces in the
joint and metabolism. Hence, the musculoskeletal models can provide valu-
able insight to the physical interaction between human body and exoskele-
tons [130, 135]. In the literature, musculoskeletal models have been used
to analyse the physical interaction between the coupled human-exoskeleton
systems [57, 130, 135].

(@) (b) (©

Fig. 1.10: Human-Exoskeleton Model in AnyBody Modelling System: (a) the human biomechan-
ics, (b) the exoskeleton model, (c) the cooperative human-exoskeleton system

Bai et al. [130] presented a human-robot model, which integrated the mus-
culoskeletal model of the human upper body and an exoskeleton arm for
shoulder and elbow flexion/extension support. The model was presented as
an approach to design and optimise the design of the exoskeleton through
biomechanical studies.

Agarwal et al. [135] presented a framework for virtual prototyping of
robotic exoskeletons, which was exemplified with a design of an index fin-
ger exoskeleton. The framework consisted of six steps: 1) Initial modelling,
2) Performance measure identification, 3) Model fidelity 4) Virtual design,
5) Virtual control and 6) Virtual experimentation. In the framework, biome-
chanical measures (e.g., joint reaction and metabolic power consumption)
were used to access the performance of the exoskeleton.

30ther multi-body dynamics software or tools, such as ADAMS from MSC Software and
SimMechanics from Mathworks, have also been used for simulation-based design of exoskele-
tons [132]
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Zhou et al. [57] presented a simulation platform to model the physical
human-exoskeleton interaction using the AnyBody Modeling System. The
developed biomechanical model provided the designers an insight into the
mechanics of the dual human-exoskeleton system when, e.g., paralysing cer-
tain muscle [57]. The AAU Cable-Driven Exoskeleton was designed for proof-
of-concept and has not yet been further matured for actual patient use [57].

Notably, in the models reported, the coupled human-exoskeleton system
is usually assumed to be rigidly connected to the human. This is a simplified
contact problem, as it cannot simulate human contact with different attach-
ments. Moreover, the simulations mainly addressed the interaction forces;
the power flow is rarely considered.
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Chapter 2

Research Challenges and
Objectives

2.1 Objectives of the PhD Project

Based on the state-of-the-art presented in the previous sections, a number
of challenges have been identified in the design of assistive upper-body ex-
oskeletons that are portable and comfortable to use, while supplying com-
prehensive support at joint level.

One key challenge is to obtain a good kinematic and kinetic interaction,
i.e., physical interaction, between the assistive exoskeleton and human body.
Musculoskeletal simulation can assist in several stages of the exoskeleton de-
sign, to analyse, evaluate and possibly optimise their design. However, it can
be challenging to develop models for co-simulation and set up realistic kine-
matic and kinetic connections between the human and exoskeleton models.
Any type of assistive force or torque from an exoskeleton is transferred to the
human by means of contact forces. The behaviour of contact is highly non-
linear and complex as it depends on the exoskeleton design and movement
of the human body.

An exoskeleton should not only supply the human with additional strength
when needed, but it should also move naturally with the human in “free mo-
tion”. The mechanical impedance from the exoskeleton can be compensated
at a certain level using passive joints. A more effective way to compensate for
the mechanical impedance is through active joints and an interaction control
strategy. The cost of using active joints is the additional weight, compared to
the passive actuation.
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Hence, the aim of this PhD study is to design and control a modular
assistive upper body exoskeleton capable of supporting occasional activities
of daily living following an user-centered design approach, where muscu-
loskeletal modelling is used to aid the development.

More specifically, the objectives of Ph.D. research are:

* to define the physical human-robot interface between the human upper-
body and an exoskeleton required for modular motion assistance of
healthy elderly users

* toinvestigate the physical human-robot interaction using musculoskele-
tal modelling

* to develop a lightweight, wearable and portable exoskeleton capable of
motion assistance

¢ to develop an interaction control strategy that comfortably supplies the
user with assistance

* to validate the useability and performance of the exoskeleton with end-
user testing.

To fulfil the objectives listed above, the following research questions were for-
mulated and are addressed in this research work:

Q1 How can an exoskeleton be designed for effective assistance through
in-cooperating end-user involvement?

Q2 How can musculoskeletal modelling be used to aid design and control
of the exoskeleton by exploring the physical human-robot interaction?

Q3 What interaction control strategy is suitable for joint level motion assis-
tance of upper body exoskeletons?

Q4 How can the usability and performance of the exoskeleton be tested
with the end-users?
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2.2. Scope of Work and Project Methodology

2.2 Scope of Work and Project Methodology

The overall scope of work is illustrated in Fig. 2.1. The research activities
were conducted in parallel and iteratively with the AXO-SUIT project and
end-user involvement. The literature study provided a fundamental under-
standing of the design and control challenges with upper body exoskeletons.
From the knowledge obtained from the literature study and initial end-user
involvement, conceptual designs were investigated using musculoskeletal co-
simulations. A first prototype was manufactured to develop a suitable con-
trol strategy for the exoskeleton and to get feedback on the design vision
and system functionalities from the end-users via the Focus Group. The de-
tailed design was created using vital feedback from the end-users and mus-
culoskeletal co-simulations for the exoskeleton and human systems to access
the physical interaction between the two systems. The final designs were
subsequently manufactured and tested on end-users to access the useability
and performance of the design and control strategy.

AXO-SUIT Project & Research Activities
End-User Involvement Timeline Timeline
Identify end-users' needs through ’ State-of-art literature review

questionnaire study

| \

Identify exoskeleton requirements Conceptual design using co-simu-
from motion capture study and mus- | —> |lation of exoskeleton and musculo- ——>  Paperl
culoskeletal modelling skeletal modelling and rapid proto-
i typing (Q1)
Prototype design and development Multi-body dynamic modelling and
of control strategies control algorithm development (Q3)

J, J,

Focus Group with end-users for feed- Detailed design using co-simulation

back on exoske?eton design vision of exos'keletonl and musculoslfeletal Paper II
and demonstration of prototype func- modelling for improved physical

tionalities interaction (Q2)

Final AXO-SUIT Exoskeleton de- Useability and performance testing of Paper I
signs, LB-AXO, UB-AXO and FB- the exoskeleton system (Q1 & Q4) p

AXO

Fig. 2.1: Scope of work for the PhD study.
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2.3 Thesis Outline

The present chapter introduces the background and motivation of this PhD
study, including a literature review of the current state-of-the-art of both pas-
sive and active upper-body exoskeletons, musculoskeletal modelling and the
user-centered design approach adapted to the study. The subsequent chap-
ters present the results from the objectives outlined in this chapter, which
is organised as a collection of the three scientific journal publications in this
thesis. Each chapter is described as follow.

Chapter 3 presents the design of a remote centre of rotation spherical
mechanism composed by a double parallelogram linkage (DPL) connecting
two revolute joints. The kinematics and singularities are analysed for the
spherical mechanism and double parallelogram linkage and a dimensional
analysis is carried out to find the design with maximum ROM. The final
design of mechanism is constructed and integrated in a four-DOF wearable
upper-body exoskeleton.

Chapter 4 presents a human-exoskeleton model comprising the biome-
chanics of the human upper body and the dynamics of a four-DOF exoskele-
ton, named UB-AXO. The human-exoskeleton model is used to estimate the
effect of physical human-exoskeleton interaction, such as muscle activity, en-
ergy consumption and human joint reaction forces, when performing coop-
erative motions with the exoskeleton. The model development is described,
which includes the formulation of kinematic and kinetic constraints between
the human and exoskeleton. Subsequently, two simulation studies of typical
activities of daily living are conducted to analyse and evaluate the perfor-
mance of the UB-AXO.

Chapter 5 presents the overall design and development of the powered
full-body exoskeleton, named FB-AXO, which is composed by two main sub-
systems, a lower-body, (LB-AXO) and an upper-body (UP-AXO) subsystem
connected together through waist and spine modules. The user-centered de-
sign approach adopted at the onset of the project led to the realising of the
FB-AXO. The final FB-AXO design comprises of 27 DOFs of which 10 are
electrically powered and the 17 are passively supported or truly passive.
The design, construction and preliminary testing of the FB-AXO are elab-
orated, which addresses the design challenges including kinematic compat-
ibility and modularity with innovative solutions. Furthermore, details are
provided of the two systems mechanics, sensors and electronics along with
specifics of human-exoskeleton interfaces and ranges of motion. Preliminary
tests demonstrates that the FB-AXO and its subsystems are able to assist
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full-body motions to meet the daily living demands of older users, such as
sit-to-stand, reaching overhead and carrying while walking.

Chapter 6 summarises the key findings of the thesis and how this work

contributes and impacts the research within the area of wearable robotics.
Additional ideas and suggestions for future research and work are discussed.
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Kinematic Analysis and Design
of a Novel Shoulder Exoskeleton
Using a Double Parallelogram
Linkage

The design of an innovative spherical mechanism with three degrees-of-freedom (DOFs)
for a shoulder joint exoskeleton is presented in this paper. The spherical mechanism is
designed with a double parallelogram linkage (DPL), which connects two revolute joints
to implement the motion as a spherical joint, while maintaining the remote center (RC) of
rotation. The design has several new features compared to the current state-of-the-art:
(1) a relative large range of motion (RoM) free of singularity, (2) high overall stiffness,
(3) lightweight, and (4) compact, which make it suitable for assistive exoskeletons. In this
paper, the kinematics and singularities are analyzed for the spherical mechanism and
DPL. Dimensional analysis is carried out to find the design with maximum RoM. The new
shoulder joint is finally designed, constructed, and integrated in a four degree-of-
freedom wearable upper-body exoskeleton. A finite element analysis (FEA) study is used
to assess the structural stiffness of the proposed design in comparison to the conventional
3R mechanism. [DOI: 10.1115/1.4040132]
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1 Introduction

An exoskeleton is a robotic suit that is capable of producing
supplementary muscular functions of a wearer. Robotic exoskele-
tons enable the wearer to lift a greater load or compensate for a
lack of strength. They have the potential to be applied in industry
and health service such as automotive [1], agriculture [2], nursing
[3], and rehabilitation [4]. Depending on the limbs of attachment,
exoskeletons can be classified into upper- or lower-body systems.
The design challenges with powered assistive upper-body exo-
skeletons are mainly related to the complexity of the human body,
especially the shoulder complex, which is one of the most anatom-
ically complex region in the human body [5,6]. The human upper-
body has a large dexterity in order to perform its broad variety of
activities. Hence, an optimal exoskeleton design should comply
with the full natural range of motion (RoM) of the wearer. More-
over, the RoM has to be achieved without the exoskeleton collid-
ing with the wearer or itself or being satisfactorily far from
kinematic singularities. Furthermore, for portable exoskeletons, a
small protrusion of the device from the wearer is desirable.

The existing design solutions of shoulder exoskeletons are lim-
ited to meet these requirements. Traditional designs of shoulder
exoskeletons use a serial linkage system with three-revolute (3R)
joints [7-10] to generate the spherical motion of the human
shoulder joint (see Fig. 1(a)). A problem with a serial structure is
its workspace limit. The wearer of the exoskeleton can only raise
the upper arm a small angle in the frontal plane before the
shoulder mechanism collides with his/her shoulder, neck, or head.
To avoid this problem, some alternative designs have been pro-
posed. The design in Ref. [7] minimized the effect of these prob-
lems by designing the 3R mechanism so that the singular
configurations and collision problem occur at postures that are
less likely for the wearer to reach. Another approach, reported in
Refs. [11-13], one of the links in the 3R mechanism is replaced
with a circular guide to further avoid collision with the wearer

Contributed by the Mechanisms and Robotics Committee of ASME for
publication in the JOURNAL oF MECHANISMS AND RoBorics. Manuscript received July 3,
2017; final manuscript received April 20, 2018; published online May 31, 2018.
Assoc. Editor: Robert J. Wood.
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(see Fig. 1(b)). In another design [14], the circular guide, which
often has a heavy and complicated construction, is avoided by
moving one of the degrees-of-freedom (DOFs) of the shoulder to
the elbow (see Fig. 1(c)). A problem with this solution is the
added mass at the elbow due to the additional actuator/joint. There
is also a design where an extra link is added to the 3R mechanism
making it a 4R mechanism [15] (see Fig. 1(d)). Because of the
redundancy of the mechanism, the exoskeleton can avoid singular
configurations and collisions with the wearer. For portable exo-
skeletons, however, adding an active redundant degree-of-
freedom causes a concern on both the weight and the occupied
space of the exoskeleton.

Parallel linkage systems have also been proposed for shoulder
exoskeletons [16—18]. The design in [17] uses a three linear actua-
tion acting in parallel to realize the spherical motion of the
shoulder glenohumeral joint. The design offers a low inertia and
high stiffness solution due to the parallel structure. However, the
linear actuators require a large stroke length in order to match the
large range of motion of the shoulder glenohumeral joint, which
results in a protruding design. In Ref. [18], two 3R spherical
mechanisms are driven by two linear actuators and two crank-
slider mechanisms. Because of the crank-slider mechanisms, the
actuators can be placed side-by-side and parallel to the human
torso, which minimizes the protrusion of the linear actuators.
Nevertheless, the workspace is limited by the aforementioned col-
lision problem of 3R mechanism.

In addition, solutions using a flexible structure are presented
in Refs. [19] and [20]. Both designs adopt cable-driven transmis-
sions, which are routed through cuffs attached to the human
limbs.

In this paper, a novel shoulder mechanism, namely, double-
parallelogram spherical mechanism (DPM), is presented. The
mechanism is featured with a compact structure, light-weight yet
rigid design, and a large range of motion free of singularity. The
proposed mechanism is to be used as a novel shoulder joint mech-
anism for an upper-body exoskeleton. This work is based on the
authors’ previous work [21], where the overall design of upper-
body exoskeleton is presented. In this paper, the kinematics and
the mechanism design of the shoulder exoskeleton are duly
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Fig. 1 lllustration of shoulder joint mechanisms using (a) three-revolute joints, (b) two-revolute joints and a circu-
lar guide, (c) three-revolute joints with one placed at the elbow, and (d) a redundant joint

SC:  sternoclacicular

AC:  acromioclavicular

ST:  scapulothoracic

GH: glenohumeral

CGH: center of glenohumeral

AC

(@

(b)

Fig.2 The shoulder complex: (a) segments and joints and (b) scapulohumeral rhythm

considered with details. A simple biomechanical model that
describes the range of motion of the human shoulder is used to
assess the performance of the exoskeleton along with a kinematic
analysis including a singularity analysis and a manipulability anal-
ysis. Dimensional analysis is carried out to find the design with
the maximum range of motion. Mechanism design of the shoulder
exoskeleton is described, with a FEM analysis to assess the
structural stiffness. Finally, prototypes and testing results are
presented.

2 Kinematics and Range of Motion of the Human
Shoulder

The shoulder complex connects the humerus bone to the thorax
through the glenohumeral joint (or shoulder joint) and the
shoulder girdle (see Fig. 2(a)).

The glenohumeral joint can be described as a ball-and-socket
joint with three degrees-of-freedom that describes the orientation
of the humerus relative to the scapula. These three consecutive
rotations are noted in Fig. 3 as flexion/extension, abduction/
adduction, and internal/external rotation. For a variety of arm
activities, where the elevation of the arm is below 90deg (see
Fig. 2(a)), the motions of the shoulder complex can be represented
solely by the glenohumeral joint [11]. When the shoulder is fully
flexed or abducted, the rotation of the humerus, with respect to the
torso, will be a combination of movements in the shoulder girdle
and flexion or abducted in the glenohumeral joint. The shoulder
girdle is made up of the sternoclavicular joint, the acromioclavicu-
lar joint, and the scapulothoracic joint. These three joints form a
closed kinematic chain with the thorax, scapular, and clavicle and

041008-2 / Vol. 10, AUGUST 2018
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Extension N

Fig.3 RoM of the shoulder complex

are therefore unable to move independently [22,23]. Movements
of the humerus also cause movements of the scapular. This joint
movement relationship is called the scapulohumeral rhythm and is
illustrated in Fig. 2(b). As a result, the position of center of the
glenohumeral joint shifts. The dominant motions of the shoulder
girdle are the two rotational motions: elevation/depression and
protraction/retraction. The novel shoulder joint presented in this
paper can mimic the three rotations of the glenohumeral joint,
which are the dominate movements of the shoulder complex. The
anatomical terms of the motions associated with these degrees-of-
freedom are illustrated in Fig. 3.

It is noted that the range of motion of the shoulder complex
described in the literature differs slightly from each other, so in
this work, we take some commonly used values [9—13]. The range
of motion of the glenohumeral joint is listed in Table 1 and is
given with respect to the anatomical position.
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Table 1 Ranges of motion of the glenohumeral joint found in
the literature

Table 2 Denavit-Hartenberg parameters of the proposed
mechanism following notation given in Ref. [29]

Movement Notation Limits (deg)  Link, i a; o d; 0;
Abduction/adduction PDamin -20 1 0 —n/2 0 0,
i 120 2 0 n/2 0 0,
Extension/flexion Prmin —60 3 0 0 0 05
Fimax 170
Internal/external rotation Prmin —60
Prmax. 90 as demonstrated in Fig. 4, where £, and £, are lines of joint

3 Kinematic Design of Novel Spherical Shoulder Joint

The proposed design, illustrated in Fig. 4, is a hybrid mecha-
nism that consists of two revolute joints connected together via
six links that form a DPL [24], which under the given configura-
tion form a remote center (RC) of motion mechanism, as illus-
trated in Fig. 5. The mechanism works kinematically equivalent to
the 3R mechanisms, meaning that it can rotate about three inde-
pendent axes that all coincide in one point, namely, the RC. The
design parameters of the DPL, as illustrated in Fig. 4, include two
offset angles ¢, and ¢, and four link lengths L;,i = 1,...,4 for
the two parallelograms A-B-C-D and D-E-F-G. As the two paral-
lelograms are serially connected, they form a third virtual paralle-
logram between points B-D-E-RC. The range of motion of the
DPL is determined from this virtual parallelogram.

It is noted that there are other concepts of DPL mechanisms
proposed. A wrist mechanism of minimally invasive surgery
robot, where the remote center is generated by DPL to serve as
the incision point for the surgery, was reported in Refs. [25] and
[26]. In Ref. [27], the DPL is used as a part of a force-reflective
master robot of haptic tele-surgery system. Finally, in Ref. [28],
the DPL is used in a design synthesis of a mechanism with multi-
ple remote centers of motion, exemplified with the design of a
foldable stage.

3.1 Kinematics of the Shoulder Joint. A spherical mecha-
nism is constructed by mounting two revolute joints to the DPL,

A :
Sy e

Fig. 4 Kinematic model of the shoulder mechanism

Fig. 5 Working principle of DPL in the shoulder mechanism

Journal of Mechanisms and Robotics

axes. A kinematic model of this mechanism is developed with
Denavit-Hartenberg parameters, which are listed in Table 2. For
this spherical joint, the kinematics of the DPM is expressed solely
by rotations. The rotation matrix is given as
cOycOzc0y — 501505 —cO350) — c0,c0,505 050,
Ry = | 0,505 + cO05c0:50, 0,05 — c0,50,505 50,50,
—6‘03502 393592 Cez
[¢Y)
where ¢ and s stand for harmonic functions cosine and sine,
respectively.

The inverse kinematics is readily solved from the rotation
matrix in Eq. (1), where

r33 = clh 2)

where r33 is the element (3,3) in the rotation matrix. From Eq. (2),
the two possible solutions for 0, are found as

0, = *arccos(r33) 3)
Moreover
0, = arctan2(—ra3/s6>, —r13/50>) 4)

Similarly, using elements 73; and 73, and the result form Eq. (3)
and solving for s0; and c0, leads to

03 = arctan2(7r32/s()2, 131 /502) 5)

Through the rotation matrix, the velocity equation is obtained
as

0=1J,"o (6)
where 6 = [01 02 03]T is a vector with the joint angular velocities,

Jo is the Jacobian, and @, = [®, vy (/);]T is the end-effector angu-
lar velocities. The Jacobian is found as

0 s —sbh;
Jo=10 —cO; —s0,50, (7)
1 0 6‘02

4 Singularities of the Shoulder Joint

As the mechanism has a hybrid structure, namely, a planar link-
age connecting two revolute joints for a spherical mechanism, the
singularity analysis is conducted for both the planar linkage and
the spherical mechanism, which represents the singularities at
local and global levels.

4.1 Global Singularities of the Shoulder Joint. Singularities
occur when the Jacobian matrix losses rank, i.e., when the deter-

minant is O

det(J) = —sin, =0 8)
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Angle 6, (°)

Fig. 6 The manipulability index of the DPM

Equation (8) shows that the DPM becomes singular, when 0, = 0
or 7, which corresponds the case where the joint axes of the first
and third joints constitute a common line.

The kinematic performance of the spherical mechanism is eval-
uated by the manipulability. The manipulability index p is deter-

mined as
w(J) = /|3IT) = | sin 04 )

From Eq. (9), it is clear that the manipulability of the DPM
depends solely on the second joint rotation and it has an isotropic
configuration for 0, =90deg. The varying performance is
displayed in Fig. 6.

4.2 Singularities of the Double Parallelogram Linkage. We
look further into the singularity of the parallelogram. In Fig. 4, a
coordinate system x; —y; — z; is fixed to the DPL, where the
y-axis is parallel to line £; and point RC is the origin. In the DPL,
AC is the input link and EG is the output link. A total of 15 equa-
tions are established to described the position and orientation con-
straints of the links in DPL

®(q(),1) =0 (10)

where @ is the set of constraint equations, ¢ is the generalized
coordinates of the links, and ¢ is the time. Differentiating the con-
straint equations yields

D(g(1),1) = Dyg + D, =0 (11)

where @, is the constraint Jacobian, @, is the partial derivative of
@ with respect to f, and ¢ is the generalized velocity. The singular
configuration can be found from the case where the determinant
of the Constraint Jacobian is zero

det(®,) =0 (12)
which yields
V=0, (13a)
y=n—¢, (13b)
v =—¢ (13¢)
y=n—¢ (13d)

As seen from the result above, the DPL has four singular con-
figurations, which are linked to the closed loop kinematic chain of
the DPL. When one of the parallelograms is collapsed, i.e.,
ABCD or DEFG constitutes a straight line, the DPL gains a
freedom and has two instantaneous degrees-of-freedom. At this
configuration, an instantaneous change of 0, can lead to the paral-
lelogram switching into an anti-parallelogram. As a result, the

041008-4 / Vol. 10, AUGUST 2018

Fig. 7 The DPL with ¢,=30deg and ¢,=10deg in a
kinematic configuration with (a) y =50 deg, (b) ¥ =—¢4, (¢)
¥ =180 deg—¢;, (d) Y = — ¢, and (¢) y = 180 deg—¢,

three axes of rotation of the shoulder mechanism no longer coin-
cide in a fixed remote center. The four singularity configurations
of Eq. (12) are demonstrated in Fig. 7 and described subsequently:

(1) Figure 7(b) shows the singular configuration of Eq. (13a),
where the second parallelogram is collapsed at a small
angle of 0.

(2) Figure 7(c) shows the singular configuration of Eq. (13b),
where the second parallelogram is collapsed at a large
angle of 0,.

(3) Figure 7(d) displays the singular configuration of Eq. (13¢),
where the first parallelogram is collapsed at a small angle
of 0,.

(4) Figure 7(e) displays the singular configuration of Eq. (13d),
where the first parallelogram is collapsed at a small angle
of 0,.

The singular configuration in Eq. (12) reveals that the DPL
cannot have a range of motion above 180deg without having a
singularity within it range of motion, since a singularity for both
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(e)

Fig. 8 Maximum and minimum internal/external rotation of the shoulder mechanism for (a) baseline design, (b)
variation of lengths of L, and L,, (c) variation of lengths of L, and L3, (d) variation of length relation between L,

and L3, and (e) variation of offset angles ¢4 and ¢,

¢ and ¢, is repeated after 180deg. Therefore, to maximize the
range of motion the DPL free of singularities, the two offset
angles must be as close to each other in size as possible.

5 Dimensioning of Double Parallelogram Linkage

The four link lengths L;,i =1,...,4 are not included in the
Jacobian, hence, these parameters do not affect the manipulability
of the mechanism. However, they affect the feasible workspace
and the compactness of the shoulder joint. The feasible work-
space, or range of motion, of a physical embodiment is smaller

Journal of Mechanisms and Robotics

than the ideal workspace due to self-collision of the mechanism
and collision with the human. Self-collision depends on the shape
and size of the actuation of the shoulder mechanism, while the
linkage of the DPL can be constructed such that it does not inter-
fere with the rest of the mechanism.

Collision between the exoskeleton and the wearer is difficult to
check accurately, as it highly depends on the shape and size of the
wearers shoulder, arm, neck, and back. In this paper, we simplify
the problem by using a sphere that represents the human shoulder
with its center at the glenohumeral joint. If the shoulder mecha-
nism enters this sphere, the exoskeleton has collided with the
wearer. From anthropometric measurements listed in Ref. [30],
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Table 3 Minimum and maximum angles and RoM of the five
design cases

Design case  Minimum angle (deg) Maximum angle (deg) RoM (deg)

Baseline 55 170 125
Case 1 55 170 125
Case 2 25 180 155
Case 3 10 180 170
Case 4 55 180 135

the shoulder diameter is estimated to be 100 mm, which fits the
50th% of the population.

5.1 Variations of Link Lengths and Offset Angles on
Double Parallelogram Linkage Design. Four design cases of
link length variation are considered, namely (1) variation of
lengths of L; and Ly, (2) variation of lengths of L, and L3, (3) vari-
ation of length relation between L, and L3, and (4) variation of
offset angles ¢b; and ¢,. They have different influence on the prac-
tical range of motion, as described presently. Figure 8 illustrates
the influence variations of the link lengths and offset angles has
on the range of motion of the shoulder exoskeleton in the DPL
plane, where the actuators are marked as rectangles and the
shoulder sphere as a circle. In Fig. 8(«), a baseline design displays
its isotropic, minimum, and maximum configuration. The baseline
design has an isometric design, where L;=L,4, L,=L;, and

(c)

(e)

Fig.9 Workspace analysis of the DPM (cyan) within the human
arm workspace (magenta): (a) coordinate setup, (b) isotropic
view, (c¢) front plane view human workspace, (d) front plane
view of DPM workspace, (e) sagittal plane view of human work-
space, and (f) sagittal plane view of DPM workspace

041008-6 / Vol. 10, AUGUST 2018

Fig. 10 Spherical shoulder joint built with parallelogram
mechanism

¢, = ¢,. The minimum angle is bounded by the footprint of the
two actuators, while the maximum angle is bounded by the DPL
colliding with the shoulder sphere. Throughout the workspace, the
mechanism does not enter a singularity, as none of the axis consti-
tute a common planer (i.e., global singularity) nor does either of
the parallelograms collapse (i.e., local singularity). Hence, it is
possible to increase the range of motion of the baseline design
without compromising singularity restrictions.

5.1.1 Design Case 1—Variation of Lengths of L; and Ly. In
Fig. 8(b), the link lengths L; and L, are halved compared to the
baseline design, which clearly does not affect the range of motion,
but the protrusion of the DPL is smaller, especially at the mini-
mum angle. However, the stiffness of the DPL is also decreased,
which is undesirable.

5.1.2 Design Case 2—Variation of Lengths of L, and L;. In
Fig. 8(c), link lengths L, and L3 are doubled in comparison to the
baseline design, which result in a larger range of motion. Similar
to the baseline design, the minimum angle is bounded by the foot-
print of the two actuators, but the maximum angle is now bounded
by the global singularity. Nonetheless, the enlarged workspace
compromises compactness and stiffness of the design, as protru-
sion of the DPL is significantly larger.

5.1.3 Design Case 3—Variation of Length Ratio between L,
and L;. In Fig. 8(d), the ratio between the link lengths L, and L; is
changed, where L, is the same as that for the baseline design and
L; is twice as long. As a result, the minimum angle is now limited

Joint 2

Joint 3

Joint 4

Cuffs Harness

Fig. 11 The shoulder joint mechanism in the 4DOF AAU exo-
skeleton, with joints 1, 3, and 4 active and joint 2 passive
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Table 4 Design parameters of the proposed mechanism

Design parameter Final design
L, 30 mm
L, 100 mm
Ly 100 mm
Ly 20 mm
b1 25deg
ba 22 deg

Table 5 Actuation of the upper-body exoskeleton. Joints 1 and
3 are the active joints in the shoulder mechanism and joint 4 is
the elbow joint. Joint 2 is the passive degree-of-freedom of the
DPL

Joint 1 Joint 2 Joint 3 Joint 4
Motor EC-60 — EC-60 EC-45
Gear LCS-17-80 — CSD-25-50 CSD-25-50

by the local singularity of the parallelograms and the maximum
angle of the global singularity. In Fig. 8(d), the links of the DPL
enter the human shoulder sphere, however the links can be
designed with a curved shape, while maintaining joint placement
of the parallelograms. Compared with the design in Fig. 8(c),
compactness is only compromised for one of the revolute joints.
On the other hand, the design is more complicated than both the
baseline design and the design in Fig. 8(c).

5.14 Design Case 4—Variation of Offset Angles ¢; and
¢>. In Fig. 8(e), the offset angles ¢; and ¢, are increased com-
pared to the baseline design. From the kinematic analysis, it is
seen that the offset angles should be close to each other in size to
minimize the sensitivity to singularities. In Fig. 8(e), the offset
angles are increased to fit the minimum angle of the baseline

design, i.e., the angle where the actuators collide. This relation
can be expressed as

R R
¢, = arcsin (Lizl) ¢, = arcsin (f) (14)

where R4; and Ry3 are the radii of the actuator in joints 1 and 3,
respectively. The maximum angle is limited by the global singu-
larity. As a result, the design has a relative large range of motion,
while only slightly compromising the compactness (compared to
the design in Figs. 8(c) and 8(d)).

The minimum and maximum angles and RoM of different
designs are listed in Table 3. The result shows that design case 3
has the optimum RoM followed by design case 2. Common for
the two design cases is that they significantly improve the reach-
able minimum angle compared to the other design cases. How-
ever, both of these designs have a high protrusion. Design case 2
has the lowest protrusion, but does not improve the RoM com-
pared to the baseline design. A compromise between good RoM
and a compact design is found in design case 4.

The reachable workspace of the design case 4, as selected, is
further analyzed, with constraint of possible collision between the
exoskeleton and the wearer. Figure 9(a) shows the attachment of
the DPM on a human dummy, along with the coordinate setup,
where the DPL angle, 0,, is associated with the human shoulder
internal/external rotation. The reachable workspace of the DPM
and human glenohumeral joint is shown in Figs. 9(b)-9(f). It can
be seen that the majority of the human arm workspace can be
reached by the DPM without collision between human and exo-
skeleton, especially in the front of the human. In total, 90% of the
human glenohumeral RoM can be reached by DPM.

6 The Novel Shoulder Mechanism in an Upper-Body
Exoskeleton

The shoulder joint has been built, as shown in Fig. 10, and
integrated in an upper-body exoskeleton (see Fig. 11) at Aalborg
University, Denmark. The upper-body exoskeleton has total of

Fig. 12 The shoulder joint mechanism in the AAU exoskeleton in (a) 0 deg shoulder extension, (b) 170deg
shoulder flexion, (c) 0deg shoulder adduction, (d) 120 deg shoulder abduction, (e) 90 deg shoulder internal
rotation, and (f) 20 deg shoulder external rotation

Journal of Mechanisms and Robotics
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four degrees-of-freedom constituted by the three degrees-of-
freedom of the shoulder joint and one additional degree-of-
freedom of an elbow joint. The design parameters for the DPL in
the shoulder joint are listed in Table 4. The shoulder joint and the
rest of the exoskeleton are made from 7075 Aluminum Alloy. The
total weight of the shoulder joint is 2650 g of which approxi-
mately 200 g is for the DPL.

In the shoulder exoskeleton design, the two revolute joints are
actuated by brushless DC-motors in combination with harmonic
drives. The harmonic drive was selected for its high efficiency
and back-drivability, which allows the user to move even if the
motors are powered off without using a clutch. The driving speed
and torques are specified based on a series of musculoskeletal sim-
ulation of a human doing different activities of daily living with
payloads as high as 5kg. In all studies, the exoskeleton will pro-
vide a maximum of 50% of physical assistance for reasons of
safety. The DPL is left unactuated, since the musculoskeletal sim-
ulation showed low assistance requirements for the internal/exter-
nal rotation of the shoulder. In Table 5, the shoulder abduction/
adduction actuation is listed as joints 1 and 3 are shoulder flexion/
extension actuation.

The shoulder joint and the elbow joint are connected of links
with length adjustable to fit into wearers of different sizes. The
exoskeleton is strapped to the wearer through three attachments:
(1) torso harness, (2) upper arm cuff, and (3) forearm cuff. The
torso harness consists of a hard back (the shoulder exoskeleton
base) with shoulder straps and snap buckle belt for rapidly fitting
and easy tightening. The upper arm and forearm cuffs both consist
of a flexible plastics material and Velcro straps. Both cuffs are
lined with a foam and force sensitive resistor (FSR) sensors,
which are used to measure the interaction forces between the
exoskeleton and the wearer.

The shoulder joint is able to realize nearly the full range of
motion of shoulder flexion/extension 0—170deg (see Figs. 12(b)
and 12(a)) and approximately 0-120deg shoulder abduction
before colliding with the wearer (see Figs. 12(d) and 12(¢)). It is
noted that our upper-body design does not address the movements
of the shoulder girdle, which shifts the center of the glenohumeral
joint and as a result creates misalignment between the wearer and
the exoskeleton. Nonetheless, the movements are possible due to
passive compliance between the robot and the wearer, via the
torso harness, which accommodated the misalignment.

Finally, the shoulder joint is able to realize 20 deg of external
rotation to 90 deg shoulder internal rotation, which is sufficient to
enable the wearer to scratch him/her self on the opposite side of
the abdomen (see Figs. 12(e) and 12(f)). While, the shoulder joint
is only able to realize 20 deg external rotation, the priority is given
to internal rotation of the shoulder, considering that most of our
lifting and carrying activities are done in front of our body.

7 Structural Stiffness of the Novel Shoulder Joint

The structural stiffness of the novel shoulder joint is analyzed
through finite element analysis (FEA). In different configurations
of the DPL, ranging from the minimum angle to the maximum
angle with a 5deg interval, a force of 10 N is applied at the end
effector (see Fig. 13). The force is applied in three different cases
along the x-, y-, and z-axis of the end effector frame, respectively.
For each load case, the displacement of the end effector and the
displacement of the remote center of rotation (henceforth RC-dis-
placement) are calculated. For comparison purpose, a FEA study
is conducted for a 3R mechanism. The 3R mechanism is designed
with similar mechanical and kinematic properties as the DPM,
i.e., the total weight is 200 g, the three axes are orthogonal to each
other and both the radii of links 1 and 2 are 65mm. Figure 13
shows the setup for the FEA studies of the two mechanisms. The
base is rigidly fixed to a global reference frame, while connections
between links are modeled as revolute joints. The elements used
are tetrahedral solid elements, where the DPM study has 111,235
elements and the 3R study has 61,525 elements. The DPM study

041008-8 / Vol. 10, AUGUST 2018

End effector Link1 Link2 Base

y liC

Fig. 13 Structural stiffness analysis of DPM and 3R spherical
mechanisms

required a higher number of elements for the result to converge.
The mesh of the two studies is illustrated in Fig. 13.

The RC-displacements of the two studies are shown in Fig. 14.
For all load cases, the 3R mechanism has a larger RC-
displacement, and thus a lower stiffness, compared to the DPM. In
other words, the DPM performs generally better than the 3R
mechanism in terms of structural stiffness. For the load case
along the z-axis, both mechanisms have a nearly constant RC-
displacement in the full range of 0,. However, magnitude of the
RC-displacement of the 3R mechanism is around four times that
of the DPM, which is also seen in the equivalent mean stiffnesses
in Table 6. For the load case along the x- and y-axis, the displace-
ment for the 3R varies similar to sinusoidal curve that has its
extremes at the minimum and maximum angles of 6,. In the
x-axis load case, the magnitude of the displacement more than
doubles, while it triples for the y-axis load case. For the DPM, the
change in displacement of the range of motion does not have
the same magnitude change or behavior. The dependency of the
two parallelograms configuration is most obvious for the load
case in the x-axis, while the load cases in the y- and z-axis are
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Fig. 14 Displacement of the RC of rotation (RC-displacement)
of the DPM and 3R spherical mechanisms, under a force of 10 N
along the x-, y-, and z-axis of the end effector frame

insignificantly. In the y-axis load case, the RC-displacement has a
slight linear increase, while the RC-displacement in the x-axis
load case has a quadratic shape with a minimum around
0, = 110 deg. At this angle, the two parallelograms are approxi-
mately rectangular, which fits well with the good structural stiff-
ness properties. The largest RC-displacement is found at
0, = 180 deg, where the two adjacent sides of the both parallelo-
grams are closest to each other. In the y-axis load case, the change
from minimum to maximum RC-displacement is by a factor of
1.5, while for the x-axis load case it is 6.2.

In Table 6, the equivalent minimum, maximum, and mean stiff-
nesses for the two studies are listed. The mean stiffness of the
DPM in the x-axis is 320% greater than that of the 3R and 277%

Table 6 Minimum, maximum, and mean equivalent stiffnesses
of the DPM and 3R spherical mechanisms

Load case Minimum (N/mm) Maximum (N/mm) Mean (N/mm)

X 37.16 230.41 117.29
DPM Y 66.14 101.32 85.21
z 118.62 185.53 141.78
X 22.17 64.47 36.66
3R Y 15.93 58.17 30.73
z 27.90 43.18 31.29
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and 453% for the y- and z-axis, respectively. Also, for both the
load cases in the y- and z-axis, the minimum stiffness of the DPM
is higher than the maximum stiffness of the 3R. Hence, this study
shows that the DPM has improved stiffness properties compared
to the 3R.

It should be noted that the comparison was made for the given
design in Fig. 13. Given many variations of the 3R serial shoulder
exoskeleton, the stiffness properties of these depend on the geom-
etry link shape and material properties [31]. Hence, our stiffness
analysis results do not support and applicable to all designs of 3R
mechanism and DPM. Instead, the study just shows the potential
of the stiffness improvement with the DPM over the 3R mecha-
nism. It is also noted that the stiffness analysis can be done ana-
lytically by assuming that the links are regular shapes [32].

8 Conclusion

This paper presents a novel spherical mechanism for a shoulder
exoskeleton joint composed of two revolute joints connected by a
double parallelogram linkage. The proposed design has a relative
large range of motion free of singularity and good manipulability
properties. Compared to the conventional 3R mechanism, the pro-
posed design has a high overall stiffness. FEA simulations show
that the DPM has mean stiffness significantly greater than the 3R
mechanism.

In the paper, both global and local singularities are analyzed. In
the local singularity analysis, four singularities were identified for
the DPM.

Dimensional analysis was carried out with different configura-
tions and dimensions of the DPM upon which the design with
largest range of motion is identified.

A prototype of the novel design was developed and installed in
an upper-body exoskeleton. The real workspace of the shoulder
joint was experimentally investigated. The results show that the
proposed design is able to general rotations in a large range of
motion without interference with the user of the exoskeleton. As
a result, the design is well suited for portable upper-body
exoskeletons.
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Abstract

Portable exoskeletons can be used to assist elderly or disabled people in their daily activities. The physical
human-robot interaction is a major concern in exoskeleton development for both functioning properly
and interacting safely and comfortably. Using a model of the human musculoskeletal system and the
exoskeleton can help better understanding, estimating and analyzing the physical human-robot interaction.
In this paper, a model comprising the biomechanics of human upper body and the dynamics of a 4-DoF
exoskeleton, named UB-AXO, is developed and used to study the physical human-robot interaction. The
human-exoskeleton model is able to estimate effect of physical human-exoskeleton interaction, such as
muscle activity, and energy consumption and human joint reaction forces, when performing cooperative
motions with the exoskeleton. The model development is described and subsequently two simulation
studies of typical activities of daily living are conducted to analyze and evaluate the performance of the
UB-AXO. The simulation results demonstrate that the UB-AXO is able to reduce muscle loading and

energy consumption, while maintaining a safe physical human-exoskeleton interaction.

Keywords:
Exchange in pHRI, Overhead Reaching Tasks

Physical Human-Robot Interaction, Biomechanical Modeling, Assistive Exoskeleton, Energy

1. Introduction

In the field of wearable robotics, exoskeletons are be-
coming more and more relevant in domains such as
healthcare and industry Sylla et al. (2014); Bai et al.
(2018). An exoskeleton is a robotic suit that is capable
of producing supplementary muscular functions to its
user, by either powered elements (e.g. electric motors)
or passive elements (e.g. springs). The exoskeleton
enables the user to lift a greater load or compensate
for a lack of strength Bock et al. (2021); Gull et al.
(2020); Pacifico et al. (2020). In general, exoskeletons
are designed to transfer mechanical power to a spe-
cific set of human joints, e.g. elbow flexion/extension,
by imitating the kinematics of the given body limbs.

doi:10.4173/mic.2021.4.2

Hence, assisting human movements using exoskeletons
requires consideration of the contribution of both the
human biomechanics and exoskeleton mechanics to the
assisted joint. While exoskeletons have the potential to
improve the users functionalities and strength, a safe
and comfortable interaction with human limbs is a ma-
jor design and control challenge. The operations of the
exoskeleton must be properly coordinated and adapted
to the human since unintended interaction can lead to
injuries on the human.

Many factors affect the physical human-robot inter-
action (pHRI) Bicchi et al. (2008); De Santis et al.
(2008); Heinzmann and Zelinsky (2003); Davis et al.
(2020). One is the transfer of force from an exoskele-
ton to the human body and consequentially the energy

(© 2021 Norwegian Society of Automatic Control
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flow. The forces or torques exerted by the robot onto
the human should be delivered as needed. This means
that the magnitude of the assistive force/torque has to
be specified properly from the perspective of control.
Moreover, the interaction should be soft and compliant
and most importantly must never exceed the human
pressure tolerance.

Another issue in the pHRI is the alignment between
human joints and the counterparts of an exoskeleton.
Ideally, the exoskeleton should be well aligned with hu-
man limbs, but this is quite difficult to achieve, espe-
cially for the upper-body exoskeletons Gopura et al.
(2016); Schiele and van der Helm (2006); Zhou et al.
(2015); Nf et al. (2019). One reason is that the ex-
act location of the human joint axes is not possible to
know, simply because they are covered up by human
skin, muscles and tissue. Moreover, biological joints
are not ideal mechanical joints (like hinge or ball and
socket joints), but are rather complex joints’ surface
geometries (bone on bone joints). As a result, the
equivalent rotational joint axes tend to shift during
motion. In addition, attachments of exoskeletons on
human limbs are not rigid, meaning that slippage be-
tween the exoskeleton and the human limb can occur
during operation. Consequently, these issues are likely
to cause misalignment between the exoskeleton joint
and the human joint in the order of a few centimeters
Schiele and van der Helm (2006), which can generate
undesired reaction forces in the human joint, leading
to uncomfortable and possibly painful interaction with
the exoskeleton Schicle (2008).

Biomechanical modeling of human-exoskeleton sys-
tems is an effective approach to address the aforemen-
tioned issues in pHRI. In previous works, musculoskele-
tal models have been used to analyze the physical in-
teraction between the coupled human-exoskeleton sys-
tems Agarwal et al. (2016); Zhou et al. (2017); Bai
and Rasmussen (2011); Narayanan et al. (2009). Us-
ing advanced musculoskeletal models can gain insight
and predict the human response to assistance from ex-
oskeleton. Moreover, using a virtual prototyping en-
vironment is less expensive and time consuming than
building mock-up models for physical tests.

It is noticed in the models reported, the coupled
human-exoskeleton system is usually assumed rigidly
connected to the human. This is an oversimplified con-
tact problem, as it cannot simulate the human contact
with different attachment. Moreover, the simulations
mainly addressed the interaction forces, the power flow
is rarely considered.

In this work, a physical human-robot simulation
model is developed for a portable upper-body assistive
exoskeleton, named UB-AXO. The model includes a
biomechanical human subsystem and a mechanical ex-
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oskeleton subsystem, both integrated for physical as-
sistance simulations. A contact model is utilized for
an improved physical human-exoskeleton interaction
modeling. The model is developed by virtue of an ad-
vanced biomechanical model of the upper body, which
is developed through the AnyBody Modeling System
(AnyBody Technology A/S, Aalborg, Denmark). Six
different case studies are considered in order to assess
the performance of the UB-AXO in collaboration with
the human user. The developed model allows us to
understand the mechanics of the cooperative human-
exoskeleton system, and finally to design and control
exoskeletons with improved physical human-robot in-
teraction.

2. A conceptual design of an
upper-body assistive exoskeleton
(UB-AXO0)

Our interest is the pHRI in assistive exoskeletons,
which work cooperatively with human to perform a
certain limb movement. Our model is developed for an
assistive exoskeleton named UB-AXO. The UB-AXO is
an upper-body exoskeleton developed at Aalborg Uni-
versity, Denmark, see Fig. 1. It is designed to assist
the user at joint level with activities such as lifting and
carrying objects. The UB-AXO has a total of four de-
grees of freedom, three at the shoulder and one at the
elbow joint.

Joint 1 - SAA

Joint 2 - SR

Joint 3 - SFE

Joint 4 - EFE
\

Harness

Figure 1: Conceptual design of the UB-AXO

The shoulder mechanism is designed to match the
three degrees of freedom of human glenohumeral joint.
The shoulder abduction/adduction (SAA) and flex-
ion/extension (SFE) joints are powered, while shoul-
der internal/external rotation (SR) joint is passively



Christensen et.al., “Modeling pHRI of UB-AXQO”

supported by a double parallelogram linkage (DPL)
Christensen and Bai (2018). The elbow mechanism is
a single powered joint that supports flexion/extension
of the human elbow (EFE). All active joints are com-
posed by a harmonic gear and brushless DC-motor.
The harmonic gear is selected for its back-drivability,
which allows the user to move even if the motors are
powered off.

The UB-AXO is worn by the user through a torso
harness, an upper arm cuff and a forearm cuff. The
torso harness is composed by hard back plate fitted
with shoulder straps and snap buckle belt for rapidly
fitting and easy tightening to the user. Both the upper
arm and forearm cuffs consist of a flexible plastics ma-
terial and are tighten to the limb using velcro straps.

The base of the shoulder mechanism, i.e. the shoul-
der abduction/adduction joint, and the upper arm link
are adjustable to fit the user’s body size.

3. Biomechanical model of the
human-exoskeleton system

The human-exoskeleton system is a cooperative system
of the exoskeleton mechanics and the human biome-
chanics, see Fig. 2. Thus, the model is built with two
subsystems, namely, the human and the exoskeleton.
The biomechanics of the human upper body is con-
sidered through a musculoskeletal model by simulating
the movements of the arm and the required muscle ac-
tivations, while the exoskeleton model incorporates the
dynamics and control of the exoskeleton.

a) b) c)

Figure 2: Model of the human-exoskeleton system: a)
the human biomechanics, b) the exoskeleton
model, ¢) the cooperative human-exoskeleton
system

3.1. Musculoskeletal model of the human
upper body

The musculoskeletal model of the human upper body is
modeled as a multi-body system, where human bones
and joints are considered as mechanical links and ideal
joints. Muscles are unidirectional actuators that ex-
ert forces on the system. Because of the redundancy
of muscles in the system, the system is statically inde-
terminate. Therefore, the muscle recruitment is formu-
lated as an optimization problem, named direct muscle
recruitment Rasmussen et al. (2001):

min G (fM)
st.Cf=d (1)

Here f = [fM fR] is a vector with all unknown forces,

where £ is an array of the muscle forces and £ is the
reaction forces in the joints. The matrix C is a co-
efficient matrix formed from the human anatomy and
muscle attachments and finally, the vector d is an array
of the external forces acting on the human. The ob-

jective function min G <fM ) is the muscle recruitment

criterion and is usually a polynomial criterion, but soft
saturation and min/max criterion are also feasible Ras-
mussen et al. (2001). In this paper, the polynomial
criterion is applied:

min G (fM) -y (ﬁ;)p

i

(2)

The term fM/NM is referred to as muscle activity.
Here NM is a normalization factor or function for the i-
th muscle, which represents the strength of the muscle.
Hence, the stronger the muscle, the larger the normal-
ization factor. The power p represents the synergism
between the muscles. In this work, the power of p = 3
is used, as numerical experiments with it yield good
results for submaximal loads. The muscle activities
range from 0 to 1, where 0 is an unloaded muscle and
1 is a fully loaded muscle. The muscle forces are cal-
culated using a three-element Hill-type muscle model,
which consists of a contractile element (CE), a parallel
elastic element (PE) and a serial elastic element (SE)
Winter (2008).

In addition to the muscle activities, we are also in-
terested to find the metabolic cost. The metabolic en-
ergy is a common evaluation measure for assistive de-
vices and is often experimentally determined by a VO2
mask, which measures the volume of oxygen consump-
tion by the test subject Rowe (2020). While modeling
the individual muscle metabolic energy requires com-
plex formulas Bhargava et al. (2004), which includes
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information on heat dissipation of the muscle, we calcu-
late in this work the human energy consumption from
the mechanical work produced by the contractile ele-
ment of the muscle model, i.e. the active element of the
muscle model. The muscle work rate W is calculated
as:

W = for (lcp,vor, s) vor (3)
where fog is the force produced by the contractile mus-
cle element, which is a function of the length g and
velocity vop of the element along with the muscle ac-
tivity s. For the muscles, both positive and negative
works are possible. When a muscle produces positive
work, or concentric work, energy is fed to the muscu-
loskeletal system. On the other hand, when a muscle
produces negative work, or eccentric work, energy is ex-
tracted from the musculoskeletal system. The contrac-
tile element of the muscle cannot store energy, instead
the energy is dissipated as heat. Hence, the total hu-
man energy consumption is estimated as the absolute
value of the external work done on the human bodies:

N tr .
E:;/t ‘Wi

where N is the total number of muscles in the model.

dt (4)

3.2. Exoskeleton model

The configuration of the UB-AXO is illustrated in
Fig. 3. The shoulder mechanism is composed by the
first three revolute joints, which together form a spher-
ical joint, equivalent to the glenohumeral joint of the
human shoulder. The forth revolute joint makes up
the elbow mechanism. The Denavit-Hartenberg pa-
rameters for the UB-AXO are listed in Table 1, where
L, is the length of the upper arm and Ly is the length
of the forearm.

Table 1: Denavit-Hartenberg parameters of the UB-

AXO
Link, i a; (7] d7 92
1 0 —7/2 0 0,
2 0 /2 0 0,
3 Ly, 0 0 03
4 Ly 0 0 0,

The Jacobian of the exoskeleton can be calculated
through the velocity propagation from link to link,
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which yields:

Ju Jiz Jiz Jus

Jor Jaa Jaz o Jog

0 Jsz2 Jaz Ja
J= 5
0 Jio Juz Jua )

0 Js2 Js3 Jsa

1 0 Jez Joa

where the elements of the Jacobian are listed in the

Appendix A.

1

Figure 3: The coordinate systems of the UB-AXO

The inverse dynamics of the exoskeleton is derived
using the Euler-Lagrange equation and expressed as:

(6)

where M is the mass matrix, ¢ is a vector with the
Coriolis and centrifugal forces, g is the vector of gravi-
tational forces, 7 is the vector with joint torques and 6
is a vector with the joint angles, as illustrated in Fig. 3.

M(G)é+c(9,é>+g(6):7'

3.3. Assistance from exoskeleton

The UB-AXO is designed to assist the human body
at joint levels, i.e. shoulder abduction/adduction and
flexion/extension and elbow flexion/extension, while
shoulder internal/external rotation is left passive and
unassisted. In assistive applications of active joints,
the assistive torques are determined through a control
strategy that uses inputs from the system.

In this work, a static-load compensation strategy is
adopted, as illustrated in Fig. 4. The assistive torque of
each active joint 7,4, is calculated with three parts; an
exoskeleton gravity compensation torque Teg,, a hu-
man gravity compensation torque 7, and torque for
external loads 7.

(7)

Tass = Texzo T K (Tg + Tl)
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Human-Exo | Fint
Interface

External
payload

Figure 4: Implementation of the control strategy in the
human-exoskeleton model, Fj,; standing for
assistive interaction force to human limb

where K = diag(ky, k2, k3, k4) is the assistance levels
at all joints. It should be noted that ky and the sec-
ond entry of 7.,, are equal to zero, as joint 2 in our
exoskeleton is a passive joint.

Typically, the mechanical interaction between the
human and exoskeleton is addressed through interac-
tion control, such as impedance or admittance control
L. Pons (2008). Because accelerations and velocities of
the human movement are assumed small, the interac-
tion between the human and exoskeleton can be con-
sidered quasi-static and the mechanical interaction is
simplified to a gravity compensation of the exoskeleton.
Hence, the exoskeleton gravity compensation torque is
calculated as:

(®)

The human gravity compensation torque is based on
estimated mass properties of the human. In Winter
(2008), the mass of individual body limbs are linked
to the total weight of the body, namely, the mass of
the upper arm is approximately 2.8% of the total body
mass, while the forearm makes up 1.6% of the total
body mass Winter (2008), that is:

Texo = 8 (9)

my, = 0.028my, my = 0.016m,

9)

As the exoskeleton is presumably kinematically com-
patible with the human kinematics, the human gravity
compensation torques can be calculated from the ex-
oskeleton joint angles.

Ty =8, (0) (10)

where g, is a vector with the estimated human gravi-
tational forces.

The external load is not directly attached to the ex-
oskeleton, but at the hand of the human. The nature
of the external load can be quite complex for a variety
of tasks where the human interacts with the environ-
ment, e.g. opening a door or pushing an object on
a table. Regardless of the complexity of the external
load, the Jacobian in Eq. (5) can be used to link the

external load at the human hand with the exoskeleton
joint torques.
T1=J3"F.u (11)

where F..; is a vector with the external load expressed
with respect to the global reference frame.

3.4. Human-exoskeleton model

The two subsystems, i.e. the musculoskeletal model of
human body and the CAD model of the exoskeleton,
are implemented in the AnyBody Modeling System,
see Fig. 2. AnyBody Modeling System in its essence
is an inverse dynamics simulation software that uses a
generic musculoskeletal model of human body to study
the internal body loads, i.e. muscle, ligament and joint
forces, under different motions and external loads. In
this study, the musculoskeletal model is comprised of
a human torso and right arm, which is derived from
the repository in AnyBody. The exoskeleton model is
built in SolidWorks and exported to AnyBody. The
motion of the musculoskeletal arm is used to drive the
cooperative system. The arm motion is generated from
motion capture data of people doing the specific task
or set of tasks. For simple tasks, such as an arm curl,
the model can be driven by explicit functions for each
joint.

As the human musculoskeletal and exoskeleton sub-
systems are connected via attachments, additional
kinematic constraints and a contact model need to be
defined for the whole system, as described presently.

3.5. Kinematic constraints

The exoskeleton model is connected to the muscu-
loskeletal model at the three ports of power transfer,
namely the torso harness, upper arm and forearm cuff.
The torso harness is fixed to the torso of the muscu-
loskeletal model by six kinematic constraints, such that
the shoulder module is aligned with the human gleno-
humeral joint. The upper arm and forearm cuffs are
attached at the mid point of the upper arm and fore-
arm, respectively. Both cuffs are modeled as cylindri-
cal joints, which add additional eight kinematic con-
straints. Hence, in total 18 kinematic constraints are
used to connect the exoskeleton model to the mus-
culoskeletal model. The UB-AXO has a total of ten
degrees of freedom, before it is mounted to human
body. The additional 18 kinematic constraints make
the whole system kinematically over-determined and
there is no unique solution to the kinematics. This
problem is solved as an optimization problem, where
the constraints are divided into ‘hard’ and ‘soft’ con-
straints. Hard constraints are constraints in the kine-
matic analysis, which must be fulfilled, while soft con-
straints are constraints that should be fulfilled as well
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as possible by the optimization algorithm. As a result,
small kinematic errors are introduced to the model.
Similar effect can be experienced in a ‘real’ applica-
tion, where the human and exoskeleton exhibit small
relative motions because of the wearer’s skin or clothes.
All kinematic constraints, in this work, are defined as
soft constraints, where the allowable kinematic error
for the solver is set to 0.1%.

3.6. Contact modeling

The physical interaction between the human and ex-
oskeleton is a contact problem. The assisting torques
from the exoskeleton are transmitted to the human
musculoskeletal system via contact forces acting be-
tween the exoskeleton cuffs and the skin of the human.

The contact forces are determined by calculating the
reaction forces between two nodes, a base and a tar-
get node, one on the human musculoskeletal body and
the other on the exoskeleton. A cylindrical space is
defined around the base node. When the target node
enters the cylindrical space of the base node, contact
is established between the two objects, see Fig. 5. The
contact forces are modeled as unilateral normal force
and a perpendicular friction force. The friction force
is limited by the size of the normal force and the fric-
tion coefficient. A set of base nodes are defined on
the exoskeleton at the upper arm and forearm cuffs.
The nodes form a circular arc with a radius r upon
which a total of 12 base nodes are evenly distributed.
From anthropometric measurements listed in Peebles
and Norris (1999), the inner diameter of the upper arm
is estimated to 103 mm and forearm is estimated to 76
mm, which fits 50% of the population.

—

;target node

*‘*’ " object node

Figure 5: Implementation of contact element for
human-exoskeleton interaction forces

Similarly, as for the muscle recruitment, the con-
tact forces have an optimum value, which can be de-
termined through a polynomial criterion. Hence, the
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cost function in the direct muscle recruitment Eq. (2)
is updated to include the contact forces Skals et al.
(2016):

5 3
min G (fM) = Z (]{;j;) + Z <J{[J;> (12)

i

where fjc is the contact force and NE is the optimal
contact force.

4. Simulation studies

To evaluate the performance of the exoskeleton, two
cases are considered. In the first case, the elbow mech-
anism performs a simple bicep curl, while in the sec-
ond case, the shoulder mechanism assists an overhead
reach task. In both simulations, the motion is gen-
erated from explicit functions of the individual joints.
The payload in the biceps curl case is 2 kg, while for the
overhead reach it is 1 kg. For each case, three studies
are simulated. The first study simulates the muscu-
loskeletal model performing the task without the ex-
oskeleton. The second and third studies simulate the
musculoskeletal model with the exoskeleton providing
30% and 50% assistance, respectively. The assistance
level is controlled through the assistance matrix, K,
from Eq. (7), where the 30% (low-level) assistance im-
plies k1 = k3 = k4 = 0.3 and 50% (high-level) assis-
tance implies k1 = k3 = k4 = 0.5.

4.1. Case 1 - Bicep curl

In the bicep curl case, the elbow is flexed from 120°
to 30° and back again over a period of 3s, see Fig. 6.
Furthermore, the shoulder is slightly flexed to an angle
of 5° to keep the load free from the body.

t=075s

t=15s 1=225s

Figure 6: Simulation study of the human-exoskeleton
system during the bicep curl

The equivalent human joint torque for each of the
degrees of freedom in the arm, are shown in Figs. 7(a)-
7(d). As expected, the most loaded joints are shoulder
flex/ext (SFE) and elbow flex/ext (EFE), while shoul-
der abd/add (SAA) and int/ext rotation (SR) are less
loaded. Adding the exoskeleton to the simulation leads
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Table 2: Mean muscle activation expressed with equiv-
alent joint torques and maximum muscle ac-
tivity during biceps curl

Mean muscle Level of assistance

Motion

activation w/o Exo 30% 50%

SAA Torque [Nm] 3.44 0.65 -0.53
Reduction [%] - 81 84

SR Torque [Nm] 0.42 0.22 0.12
Reduction [%) - 49 71

SFE Torque [Nm] 10.62 6.36 441
Reduction [%] - 40 58

EFE Torquc‘[Nm] 8.75 4.7 3.0
Reduction [%] - 46 66

[ 038 026 025

MMA Reduction [%] - 30 33

to a reduction in all equivalent human joint torques
throughout the entire motion. The internal/external
rotation of the shoulder experiences a reduction in load,
though it is left passive in the exoskeleton. This is
caused by the way the human joint torques are calcu-
lated, which includes numerous muscle forces surround-
ing the shoulder glenohumeral joint. Hence, the assis-
tance supplied by the exoskeleton shoulder abb/abd
and flex/ext joint indirectly affects the equivalent hu-
man joint torque at the shoulder int/ext rotation.

Table 2 lists the mean equivalent human joint
torques during the bicep curl. For the low-level assis-
tance, i.e. 30% assistance, the reduction in muscle ac-
tivity is in the range of 40-81%, while for the high-level
assistance 45-84%. In both cases, the largest reduction
is observed at the shoulder abd/add, where the low-
level assistance reduced magnitude of the equivalent
human joint torque by 81% and the high-level assis-
tance (50%) by 84%.

The maximum muscle activity (MMA) of the mus-
cles in the arm is shown in Fig. 8. The MMA is reduced
for both assistance levels, where the largest reduction
is seen in the peak value of the MMA. However, the
minimum MMA is nearly unaffected. As a result, the
mean MMA during the simulation is only slightly re-
duced from 30% for the low-level assistance to 33% for
the high-level assistance, respectively.

The energy flow between the human and exoskele-
ton during the bicep curl is depicted by the muscle
work rate of the human arm, as defined in Eq. (3),
the power consumption of the active joints in the ex-
oskeleton and the total human energy consumption, as
defined in Eq. (4). The human energy consumptions
for the three studies are listed in Table 3. The results
show that the exoskeleton is able to reduce the en-
ergy consumptions with 45% and 64% for the low- and

6 T T T T T

Exo 30% * Exo 50%

SRR

SAA Torque [Nm]

0 0.5 1 1.5 2 2.5 3
Time [s]

(a)

0 0.5 1 1.5 2 25 3
Time [s]

(b)

w/o Exo o Exo 30% * Exo 50%

rque [Nm]

0 0.5 1 1.5 2 2.5 3
Time [s]

(©)

w/o Exo ] Exo 30% Exo 50%

EFE Torque [Nm]

0 0.5 1 1.5 2 25 3
Time [s]

(d)

Figure 7: Equivalent joint torques in the human mus-
culoskeletal system during the bicep curl; (a)
shoulder abduction/adduction, (b) shoulder
internal /external rotation, (c) shoulder flex-
ion/extension, (d) elbow flexion/extension

high-level assistance, respectively. Hence, the exoskele-
ton is able to reduce energy consumption satisfactorily
according to the control strategy.

In the first half of the simulation, from 0 to 1.5s, the
collective muscles of the upper body carry out concen-
tric work to lift the load, while for the second half of
the simulation, from 1.5 to 3s, the muscles carry out
eccentric work to lower the load, see Fig. 9(a). The
power consumption of the exoskeleton is mostly related
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Figure 8: Maximum muscle activity (MMA) in the col-

lective muscles of the upper body during bi-
cep curl

Table 3: Human energy consumption during bicep curl

Level of assistance

Energy consumption

w/o Exo 30% 50%
Human energy consump- 29.7 16.4 10.6
tion [J]
Reduction in energy con- - 45 64

sumption [%]

to the elbow joint, since both shoulder joints are static,
see Figs. 9(b)-9(d). Similarly, as for muscles, the elbow
produces positive work in the first half of the simulation
and negative work in the second half. Hence, energy
is extracted from the human through the exoskeleton
electric motors. The design of the electronics of the ex-
oskeleton must be able to handle the excessive energy
by either storing it or having it dissipated.

Like the muscle activity, the magnitude of reaction
forces in both the shoulder glenohumeral and the elbow
joints are reduced when the exoskeleton is assisting the
human motion, see Figs. 10(a) and 10(b), with results
summarized in Table 4. The mean reaction force in
the shoulder is reduced with 45% and 64% for the low-
and high-level assistance, respectively, and the mean
reaction force in the elbow is reduced with 25% and
29%, respectively.

Table 4: Magnitude of the mean joint reaction forces
during biceps curl

Mean joint Level of assistance

Joint reaction force w/o Exo 30%  50%

Shonlder Foree IN] 4133 2236 1492
Reduction [%] - 45 64

oy Force N] 171.0 1278 1211
Reduction [%] - 25 29
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Figure 9: Energy flow in between the human and ex-
oskeleton during the bicep curl depicted by:
(a) the total muscle work rate, (b) the
power consumption of the shoulder abb/abd,
(c) the power consumption of the shoulder
flex/ext, (d) the power consumption of the
elbow flex/ext

4.2. Case 2 - Overhead reach

In the overhead reach study, a load is lifted from a
table to a shelf above shoulder height over a period of
2s. During the lift, the load moved from the outside of
the body and across the body, see Fig. 11. This motion
requires all degrees of freedom in the shoulder engaged.
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Figure 10: Magnitude of joint reaction forces in the hu-
man musculoskeletal system during the bi-
cep curl; (a) shoulder glenohumeral joint,
(b) elbow joint

t=0s t=05s t=1s

Figure 11: Simulation study of the human-exoskeleton
system during the overhead reach

The human joint torques are shown in Figs. 12(a)-
12(d) and the results are summarized in Table 5. The
most loaded motions are shoulder flex/ext, shoulder
abb/abd and elbow flex/ext, while shoulder int/ext ro-
tation is nearly unloaded. Adding the exoskeleton to
the simulation leads to a reduction in all assisted hu-
man joint torques throughout the entire motion.

The mean muscle activity is reduced with 42% to
56% for the low-level assistance case and 61% to 78 %
for the high-level assistance case, respectively. Hence,
the mean muscle activity is reduced with slightly more
than intended, i.e. 30% and 50%, respectively. It is also
noticed that the mean muscle activity for the shoul-
der internal/external rotation is increased significantly,
with 281% and 372%, respectively. On the other hand,
the torques are still small, which implies that a passive
shoulder internal/external rotation is feasible for the
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Figure 12: Equivalent joint torques in the human mus-
culoskeletal system during the overhead
reach, (a) shoulder abduction/adduction,
(b) shoulder internal/external rotation, (c)
shoulder flexion/extension, (d) elbow flex-
ion/extension

assistance of the overhead reach.

The MMA of the muscles in the arm is shown in
Fig. 13. The MMA is reduced with the aid of the ex-
oskeleton for both the low-level and high-level assis-
tance. The mean MMA during the simulations, listed
in Table 5, is reduced with 45% in the low-level assis-
tance and 62% for the high-level assistance.

The human energy consumption for the three sim-
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Exo 30%

MMA [-]
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Figure 13: Maximum muscle activity (MMA) in the
collective muscles of the upper body during
the overhead reach

Table 5: Mean muscle activation expressed with equiv-
alent joint torques and maximum muscle ac-
tivity during overhead reach

Mean muscle Level of assistance

Motion = tivation  w/o Exo 30% 50%
SAA Torque [Nm)] 8.76 412 2.05
Reduction [%] - 53 7

SR Torque [Nm] 0.52 1.99 247
Reduction [%] - -281  -372

SFE Torque [Nm] 9.41 5.48 3.71
Reduction [%] - 42 61

EFE Torque . [Nm] 5.09 2.21 1.08
Reduction [%)] - 56 78

-] 0.53 0.29 0.20

MMA Reduction [%] - 45 62

ulations are listed in Table 6. The results show that
the exoskeleton is able to reduce the energy consump-
tion with 43% and 63% for the low- and high-level as-
sistance, respectively. Hence, the reduction in human
energy consumption has a good consistency with the
goal of the control strategy.

Throughout the entire overhead reach simulation,
the collective muscles of the upper body are carry-
ing out concentric work to lift the load, as shown in
Fig. 14(a). Powers associated to motions at each joints
are shown in Figs. 14(b)-14(d). It is noted that there
exist both positive and negative powers, which imply
that energy is both fed and extracted from the ex-
oskeleton to the human. The shoulder and elbow flex-
tion/extension joints both produced positive work to
lift the load, while the shoulder abduction/adduction
produced negative work to dampen the cross body
movement.

The magnitudes of reaction forces in both the shoul-
der glenohumeral and elbow joint are reduced when
the exoskeleton is assisting the human motion, see
Figs. 15(a) and 15(b). The magnitude of the mean
reaction force in the shoulder is reduced by 36% and
47% for the low- and high-level assistance, respectively.
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Figure 14: Energy flow in between the human and
exoskeleton during the overhead reach de-
picted by: (a) the total muscle work rate,
(b) the power consumption of the shoulder
abb/abd, (c) the power consumption of the
shoulder flex/ext, (d) the power consump-
tion of the elbow flex/ext

For the elbow joint, the reduction of the mean reaction
force is 53% and 52% for the low- and high-level assis-
tance, respectively, as listed in Table 7.
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Table 6: Human energy consumption during overhead
reach

Level of assistance

Energy consumption

w/o Exo 30% 50%
Human energy consump- 15.3 8.7 5.6
tion [J]
Reduction in energy con- - 43 63

sumption [%]

Table 7: Magnitude of the mean joint reaction forces
during overhead reach

Mean joint Level of assistance

Joint reaction force  w/o Exo 30%  50%
Force [N] 690.3  436.0 327.1

Shoulder k¢ quction [%] - 36 53
Force [N] 104.2 549  49.8

Elbow Reduction [%] - 47 52

5. Physical construction of
UB-AXO
A prototype of the UB-AXO is built, as shown in

Fig. 17 with the design specifications for the upper-
body exoskeleton listed in Table 8. The total weight

w/o Exo o

caction Force [N]

Elbow Reaction Force [N]

Time [s]

(b)

Figure 15: Magnitude of joint reaction forces in the
human musculoskeletal system during the
overhead reach, (a) shoulder glenohumeral
joint, (b) elbow joint

of the UB-AXO is 10 kg and includes a 3 kg Li-ion
battery, which can power the suit continuously for ap-
proximately 4 hours. The prototype will be utilized to
test in the physical human-exoskeleton interaction.

Table 8: Actuation of the UB-AXO. Joints 1 and 3 are
the active joints in the shoulder mechanism
and joint 4 is the elbow joint. Joint 2 is the
passive degree of freedom of the DPL

Joint 1 Joint, 2 Joint 3 Joint 4
Motor EC-60 - EC-60 EC-45
Type
Gear LCS- - CSD- CSD-
Type 17-80 25-50 25-50

The upper arm and forearm cuffs are designed based
on the simulated contact forces, which must be less
than a safe limit. If the contact forces are too high,
the use of an exoskeleton may lead to skin irritation
and even pressure ulcers Lyder (2003). Excessive skin
pressure can compromise both safety and comfort. Re-
garding safety, the common guideline is to avoid pres-
sures above the ischemic level Lyder (2003); L. Pons
(2008), which is the level at which the capillary ves-
sels are no longer able to conduct blood. On the other
hand, a comfortable pressure is more complex to define,
since it is a highly subjective measure. In Farasyn and
Meeusen (2003), a study was conducted on 34 healthy
adults to determine the pressure pain threshold (PPT)
on selected points on the upper body. The PPT is a
measure for the minimum pressure that induces pain
or discomfort of human, which can be used to justify
whether or not the exoskeleton is comfortable to wear.
The PPT of the upper arm is in the range of 83.5 to
96.6 kPa Farasyn and Meeusen (2003). The contact
forces in the simulations are linked to contact pressure
by estimating the equivalent area that the contact force
acts on.

_dmw

C
o_ i AC =2~
12

P = ¢ j=1,2,..
J

(13)

where p]-C is the contact pressure of the j-the node,
A¢ is the equivalent area, and d and w are the diam-
eter and width of the cuff, respectively. The diameter
of the two cuffs are determined in Section 3.6 as 103
mm for the upper arm and 76 mm for forearm. The
cuffs are designed to have a width of 150 mm, thus the
minimum discomfort pressure force can be determined
from Eq. (13) as 337-390 N for the upper arm and 249-
288 N for the forearm. The contact forces in both the
biceps curl and overhead reach simulations are shown
in Figs. 16(a) to 16(d). The maximum contact forces
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for both upper arm and forearm are below the mini-
mum discomfort pressure forces, which indicates that

the exoskeleton is comfortable to wear.
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Figure 16: Maximum normal forces of the contact
model nodes in: (a) upper arm cuff in bi-
ceps curl study, (b) forearm cuff in biceps
curl study, (c) upper arm cuff in overhead
study, (d) forearm cuff in overhead study

6. Discussion and conclusions
In this paper, a human-exoskeleton model is developed

for modeling and analyzing the physical interaction
between a human arm and a 4-DoF upper-body ex-
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Figure 17: The built prototype of the UB-AXO

oskeleton named UB-AXO. In the model, major factors
that affect the physical human-robot interaction are
duly considered. They cover the torques and reaction
forces at the human joints and the power and energy
consumption in the motion assistance. Moreover, the
problem of physical contact between the exoskeleton
and the human limb is addressed. The model allows
us to estimate the dynamic behavior of the human-
exoskeleton system and conduct comprehensive simu-
lations to improve our understanding on the pHRI and
to finally design an exoskeleton with optimized pHRI.

Two cases were simulated, one for a bicep curl and
the other for an overhead reach. The simulation results
show that the use of the proposed exoskeleton can sig-
nificantly reduce both the required maximum muscle
activity, targeted human joint torques and muscle en-
ergy consumption in the human arm. In our simulated
study, the mean maximum muscle activity during the
motions was reduced by 30% to 45% with the low-level
assistance control and 33% to 62% for the high-level as-
sistance control. The targeted joint torques, i.e. shoul-
der abduction/adduction and flexion/extension and el-
bow flexion/extension, were reduced by 40% to 81%
with the low-level assistance control and 58% to 84%
for the high-level assistance control. The largest re-
ductions in joint torques and maximum muscle activ-
ity were achieved in static postures, which is in good
agreement with the selected control strategy.

The simulation reveals also energy exchange between
human and exoskeleton during the physical human-
robot interaction. The energy exchange was studied
in terms of instantaneous exoskeleton joint powers and
human muscle work rate along with the overall energy
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consumption. In the simulated cases, the human en-
ergy consumption was reduced with 45% and 43% for
the low-level assistance control and 64% and 63% for
the high-level assistance control in the bicep curl and
overhead reach simulation, respectively. The study of
energy exchange in pHRI is useful for the development
of control strategy and also for the optimum design of
the exoskeleton systems.

The simulated cases in this paper include only a
bicep curl and overhead reach. With the developed
model, more cases of daily activities can be conducted,
for example, hand lifting, arm carrying, side reach, etc.
On the other hand, experiments of physical human-
robot interaction with the physical exoskeleton system
are desirable for comparison with the simulation re-
sults. Extra cases of study and experimental investi-
gation are tasks considered in the future.
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Appendix A
Entries of the Jacobian matrix of Eq. (5):

Ji1 = — Lys8y (cb1ch3 — cOy501503) — Ly,ch503
— Ly (cO1503 + chacbss6:) — Lychachzsty
Jig = — 01505 (Lyc (03 + 04) + LycO3)
J13 =Lys0150350, — LycOzcy501 — Ly clycO2503
— Lycl3s0) — LyctcO2c03504 — Lyclclaclyshs
Jia =L 501503504 — LycOscly507 — Lyctyclaclhzsty
— Lyctclclysbs
Jo1 =Ly ch1c82¢03 — Lychy (5615605 — cbichachs)
— Lyst1503 — Lys0y (cO3501 + cO1c62503)
Jag = — 501502 (Lyc (03 + 04) + Lych3)
Jo3 =Lycbicls + LychicOzchy — Lychisb350,
— Ly 501505 — Lpctachzst sty
— Lyclyclysts03
Jog =Lycbiclscly — Lychs03504 — Lyclrcl3s6,504
— LycOrctys01503
J31 =0
Jzg = — by (Lyc (03 + 04) + Lychs3)
J33 =s02 (Lys (03 + 04) + Lys03)
J34 =Lys (03 + 04) s62

Js1 =0

Jyo = — st
Juz =cb1565
Juq =cO1505
Js1 =0

Js2 =cb
J53 =s0150,
J54 =561565
Je1 =1

Je2 =0

Joz =cl
Joa =cba
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Abstract

The development of full-body exoskeletons has been limited due to design complexities, mechanical integration intri-
cacies, and heavier weight, among others. Consequently, very few full-body powered exoskeletons were developed to
address these challenges, in spite of increasing demand for physical assistance at full-body level. This article presents an
overall design and development of a powered full-body exoskeleton called “FB-AXO.” Primarily, FB-AXO consists of two
main subsystems, a lower-body and an upper-body subsystem connected together through waist and spine modules. FB-
AXO is developed for the support of weaker ageing adults so that they can continue functioning their daily activities. At
the onset of the project, a set of functional and design requirements has been formulated with an extensive end-user
involvement and then used in realizing the FB-AXO. The final FB-AXO design comprises of 27 degrees of freedom, of
which 10 are active and 17 are passive, having a total system weight of 25 kg. Overall, the article elaborates compre-
hensively the design, construction, and preliminary testing of FB-AXO. The work effectively addresses design challenges
including kinematic compatibility and modularity with innovative solutions. The details of the mechanics, sensors, and
electronics of the two subsystems along with specifics of human-exoskeleton interfaces and ranges of motion are also
provided. The FB-AXO exoskeleton effectively demonstrated to assist full-body motions such as normal walking, standing,
bending as well as executing lifting and carrying tasks to meet the daily living demands of older users.
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has been focused on medical application."'* The needs of
ageing society for physical assistance are not sufficiently

Introduction

The research in wearable exoskeletons has been increas-
ing over the last few years as the technology advances
in personal care robots.'"® Wearable exoskeletons

' Department of Materials and Production, Aalborg University, Aalborg,

offer useful solutions to the growing needs for assistive
technologies.”!! Despite this growth, exoskeleton research
has largely been focused on military applications to
enhance the load carrying capabilities of soldiers/workers,
assisting individuals following trauma and/or spinal cord
injury and for rehabilitation needs.'? Besides military-
focused exoskeletons, the majority of research activities
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addressed to utilizing the strong potential in the support of
motion.'""'* This work addresses the possibility of using
wearable exoskeletons for ageing to provide general assis-
tance in a natural manner to support activities in daily
living, 121516

Full-body (FB) exoskeletons are typically used as
human strength amplifiers, where loads are transferred
through the exoskeleton, controlled by the human, to the
ground. Hence, in the physical interaction with the exoske-
leton, only a small part of the load is experienced by the
human. As the power is mainly transferred through the
mechanical structure of the exoskeleton, the human is able
to manipulate loads beyond its natural capabilities. FB
exoskeletons are developed to provide comprehensive
assistance at body levels, not on single limbs.'” Examples
of such exoskeletons are the Body Extender (BE)'® or the
X082." The BE has a quasi-anthropomorphic kinematic
structure with a total of 22 degrees of freedom (DoF), all
powered by electric motors. Its kinematic structure consists
of two identical legs and arms with 6 DoF and 5 DoF,
respectively. The BE exoskeleton enables the wearer to
manipulate up to 50 kg in each arm and weighs 160 kg
excluding the power supply.'® The system is worn by the
user through a set of straps at the feet, two shoulder straps
and a belt, and two grippers at the hand. On the other hand,
the XOS2 is lighter compared to the BE, with a weight of
95 kg. Like the BE, the kinematic structure of the XOS2 is
quasi-anthropomorphic. The system is actuated by
23 hydraulic actuators, where each leg has 6 DoF, each arm
has 5 DoF, and the torso has 1 DoF. The system is able to
manipulate a payload of 23 kg in each arm. The XOS2 is
strapped to the user similarly to the BE, namely, at the feet,
waist, upper torso, and with a tool at the hands."’

Another class of FB exoskeleton is the powered assistive
exoskeletons. Instead of transferring the payload from a
gripper or tool to the ground, these exoskeletons transfer
power between segments of the human limb. Hence, the
exoskeleton compliments the function of the human mus-
culoskeletal system, where the assistance level is lower
than the counterparts for the strength amplifier type exos-
keletons. The most well-known power assistive exoskele-
ton is the Hybrid Assistive Limb, also known as HAL-5,
developed at the University of Tsukuba in Japan.?%-?!
HAL-5 is the fifth generation of the HAL exoskeletons and
is designed for both rehabilitation and assistive pur-
poses.’>?* The exoskeleton system is powered by eight
electric motors with a reduction gear in the sagittal plane
at the knee, hip, shoulder, and elbow. The exoskeleton was
able to maneuver 15 kg in each arm and lift and hold a total
payload of 70 kg close to the body.>° Moreover, HAL-5 is
fitted with passive joints at each ankle and shoulder. Com-
pared to XOS2 and BE, HAL-5 is much lighter, weighing
only 23 kg. HAL-5 has an anthropomorphic kinematic
structure and is attached to the user’s feet, shank, thigh,
waist, upper torso, upper arm, and forearm, which allows
the suit to give assistance at a specific joint.

Other powered assistive FB exoskeletons include the
KanaGawa Power Assist Suit?*?* and Wearable Agri-
Robot.>® The KanaGawa Power Assist Suit was designed
to aid nurses in their daily work activities. The system has a
total weight of 30 kg and is powered by six pneumatic
actuators in the sagittal plane at the elbow, waist, and knee.
Moreover, two passive joints are included at each ankle and
shoulder. Wearable Argi-Robot was designed for agricul-
tural workers with a total of 15 DoF and weight of 30 kg.
Wearable Argi-Robot is actuated in the sagittal plane at the
hip, knee, shoulder, and elbow using DC motors and a
reduction gearing. Moreover, passive joints are included
at the ankle, torso, and shoulder. Like HAL-5, both Kana-
Gawa Power Assist Suit and Wearable Agri-Robot have an
anthropomorphic kinematic structure and are attached to
the wearer at the neighboring limbs of each assisted joint.
In a recent work, a FB exoskeleton for enhancing heavy
load-carrying capacities was proposed.?” The exoskeleton
was designed for a maximum 5 kg payload of the upper
body and 40 kg of the lower body.

The design challenges for the powered assistive type of
exoskeletons are mainly related to the complexity of the
human anatomy,'*>?%% particularly the shoulder complex
and the spine.® Exoskeletons are mechanical structures that
match the structure of the human body. Hence, the exoske-
leton should be able to replicate the kinematics of the
human anatomy to as large extend as possible without the
exoskeleton colliding with the human or itself. This poses
problems for assistive exoskeletons that are attached to
each limb segment for the human. A common issue is mis-
alignment that occurs between limbs of the two systems. A
mismatch in the kinematics between the exoskeleton joint
and corresponding human joint can potentially lead to large
human-exoskeleton interface forces and damage the
human joint in worst cases.>’ Moreover, it has been shown
that the attachment pressure has a large effect on comfort,
mental load, physical demand, and effort experienced by
subjects.*? One approach to this problem is to use manually
adjustable links, which was adopted by HAL-5,>" among
others. In this approach, the linkage lengths of the exoske-
leton are manually adjusted to align the exoskeleton with
the human joint. This approach can give good initial align-
ment but is unable to adjust for possible misalignment dur-
ing movements. To solve this problem, researchers
suggested to use passive joints in the exoskeleton joint
design, which maintain alignment between the exoskeleton
and the human joints.?*** The drawback of this approach is
a complicated design and increased inertia and mass. More-
over, for assistive portable exoskeletons, a compact design
is desirable. Hence, the exoskeleton design solution should
be a trade-off between a compact and lightweight structure
with sufficient DoF for the user to comfortably complete a
given activity.

The design of a spine module that connects lower-limb
and upper-limb exoskeletons is another challenge for FB
exoskeletons. Existing designs use either fixed connection
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Figure |. FB-AXO exoskeleton: (a) conceptual design and
(b) physical system.

like HAL-5 or only one DoF such as XOS2. The limitation
with existing designs is that the range of motion (ROM) is
considerably constrained, comparing to a flexible spine of
humans, which leads to poor interaction between human
and the exoskeleton and increased muscle activities.

This article elaborates the design and development of a
FB exoskeleton, called FB-AXO, as shown in Figure 1.
This exoskeleton was developed in the AXO-SUIT project
(www.axo-suit.eu) to address the aforementioned chal-
lenges with innovative solutions. It is a medium-duty exos-
keleton, designed to support the user in daily life activities
such as walking, squatting, standing, bending as well as
performing lifting, holding and carrying tasks with objects
weighing 5 kg in each arm. The exoskeleton was developed
with novel designs of shoulder joint mechanism and a flex-
ible biomimic spine module, which mitigate the issues of
kinematic compatibility.

This work extends the authors’ previous work,>37°
where the relevant studies and overall FB-AXO concept
are presented. In this article, the overall mechanical design
is elaborated in details, describing the kinematic compat-
ibility with the human, physical interface design, and force
interaction sensor design. A design overview including
design requirements is presented in the following section
followed by detailed design and construction of the
lower-body (LB-AXO) and upper-body exoskeletons
(UB-AXO), respectively. Subsequently, initial testing
results are described.

Design of FB-AXO from end-user
requirements

In AXO-SUIT project, a fully functional prototype of FB
exoskeleton namely “FB-SUIT” was designed and devel-
oped. The design of FB-AXO has been driven by a high
level of end-user involvement. A range of methodologies
were used for this to ensure that appropriate end user input
was obtained, for example, questionnaires, focus groups,
interviews.*® The extensive involvement of end users right
from the beginning of AXO-SUIT project provided vital
inputs and feedbacks on both functional requirements fina-
lization and product design throughout the development of
the prototypes. The most frequent motions of upper body,
lower body, and FB described by the participants of this
study were considered as the highest priorities for assis-
tance and are presented in Table 1.%* The inputs of end
users were thoroughly discussed among the AXO-SUIT
consortium before finalizing the target motions and

Table |. Highest priority of lower body, upper body, and full body motions, as ranked by questionnaire participants.®

Priority ranking  Lower body Upper body

Full body

Sit-to-stand Lifting/dropping without grasping Getting up from kneeling
Walking and turning  Reaching to the side overhead/opposite shoulder  Getting up from squatted position
Standing Carrying an object in front with both arms Carrying small objects with one hand
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incorporating them in the design process. To further vali-
date the practicability of the identified motions and also to
facilitate the decision-making process, three-dimensional
human kinetic and kinematic simulation data were gathered
for these tasks to decide the ROM and torque requirements
at joints of the FB-AX0.>’

A specially designed exoskeleton with angle measure-
ment sensors at the hip, knee, and ankle joints of both legs
was designed to experimentally measure human walking
gait patterns to acquire accurate kinematic and kinetic
data.*® It was found that human biomechanical data of high
variability were depended on various internal factors such
as age, physical and mental state, and pathological reasons.
Therefore, precise sensing and identification of human gait
parameters are essential for realizing energy efficient exos-
keleton system. The results of the study were used for the
design requirements for sizing of the hardware such as link
lengths and actuators needed.>®

Therefore, questionnaire results combined with biome-
chanical data and expert discussions were used to inform
the functional goals, design, and technical specifications
for the FB-AXO prototypes and are presented in more
detail *®

The FB-AXO design, illustrated in Figure 1(a) along
with the physical system shown in Figure 1(b), is developed
to provide a moderate supplement of strength at the joint
level and is adaptable to wearers of different weights and
heights ranging from 70 kg to 110 kg and 1.55 mto 1.8 m,
respectively, based on anthropometric measurements listed
in Peebles et al.>° The system has a total of 27 DoFs, of
which 17 are passive and 10 active. The ROM of the dif-
ferent DoF is determined based on motion analysis of the
movements in Table 1. The active DoFs are linked to
movements in the sagittal plane, as the end-user require-
ments listed in Table 1 are mainly related to motion in this
plane.*® The passive DoFs are introduced to replicate the
key kinematics of the human. Moreover, some of the pas-
sive DoFs, namely, the DoF's in the passive spine module,
contain elastic elements, which allow a certain ranges of
bending and twisting motion and also provide additional
support to the body.

To make the system reliable, effective, and flexible, a
modular methodology is implemented for FB-AXO. The
overall FB system consists of two main subsystems, namely,
the lower- and the upper-body subsystems, named LB-AXO
and UB-AXO. Each subsystem is capable to work autono-
mously to provide assistance as required. The assistance is
provided at joint level through a number of modules. The
LB-AXO subsystem consists of two identical legs (left and
right legs), each with a hip, knee, and ankle module. It con-
nects to the human via straps at the foot, shank, thigh, and
waist. A waist plate, located above the hip joint, physically
and functionally joins the two legs. Similarly, the UB-AXO
subsystem consists of left and right arms, each comprising of
a shoulder and elbow module. UB-AXO also connects to the
human via straps at the forearm, upper arm, and torso and

Waist Suppcn\

2-Passive Hip Joints

1-Active Hip Joint ——»

Thigh Adjustment Lever Sz

1-Active Knee Joint ———>

Shank Adjustment Lever —

2-Passive Ankle Joints

(b)

Figure 2. Conceptual design: (a) CAD model, (b) LB-AXO in
simulation software.

waist. The two arms are joined through the torso, which also
contains a spine module. The FB-AXO has a total weight of
25 kg, of which UB-AXO weighs 12 kg and LB-AXO make
up 13 kg, respectively. The system is powered by a Li-ion
battery that can power the whole FB system uninterruptedly
for approximately 1 h.

The lower-body subsystem—LB-AXO

The LB-AXO subsystem, referring to Figure 2(a), is
designed to support the weight of the wearer and UB-
AXO and to provide supplementary assistance to perform
a range of basic motions for daily living. The design of LB-
AXO is mainly focused to improve modularity, adjustabil-
ity, ergonomics, and affordability aspects. Consequently, a
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Figure 3. The LB-AXO physical system.

lightweight prototype was realized, as shown in Figure 3,
and successfully tested for users of ages between 20 and 62
(elaborated in the section on preliminary tests).

LB-AXO module

LB-AXO has a total 12 DoF (4 active and 8 passive). All
the active joints are in sagittal plane at the hip and knee
modules. Furthermore, the hip module has a passive abduc-
tion/adduction and a rotation DoF. The knee module is
completely active and has no passive movement DOF,
whereas the ankle module is fully passive and has one
dorsi/plantar flexion and an inversion/eversion passive
DoF. Both of the passive joints of ankle consist of specially
designed bolts which have threads at the tip sides to fasten
the joint through nuts to allow desired rotation.

From the prioritized list of motions in Table 1, it can be
seen that the majority of movement for the LB system is
linked to the sagittal plane. Hence, the DoFs in the LB-
AXO are primarily related to movements in this plane. As
mentioned in the introduction section, a large number of
DoFs provides flexibility in motion but introduces com-
plexity in the system. In this regard, motion study was
conducted with commercially available 3D modeling soft-
ware Inventor and Matlab during the design phase of the
LB-AXO. The kinematic compatibility between a human
model and LB-AXO, illustrated in Figure 2(b), was studied.
In the study, the motion pattern is sent from Matlab to the
human model, and the exoskeleton model moves along
the human model via the kinematic constraints between the
two models. In the testing, the load sensors, mounted at the
interfaces of thigh and shank, detect the human intention
for mobility and the controller power on the actuators
accordingly. Therefore, the exoskeleton system moves
along human with synchronization.

Table 2. LB-AXO details for hip, knee, and ankle joints.33

Module Joint RoM Actuation
Hip flex./ext. 122°/—122° EC-60 and HAINA
XSF (125:1 ratio)
medial/lateral rot. 45°/—45°  Passive joint
abd./add. 80°/—80°  Passive joint
Knee  flex./ext 122°/0° EC-60 and HAINA
XSF (60:1 ratio)
Ankle dorsi/plantar flex. 25°/—30°  Passive joint
inversion/eversion 35°/—35°  Passive joint

LB-AXO model from CAD, which includes mass, iner-
tia, joint constraints, and 3D geometry, was imported into
Mechanics toolbox of Matlab. SimMechanics toolbox pro-
vides a multi-body simulation environment for 3D LB-
AXO system. Three cuff-straps were provided on each leg,
to hold the LB-AXO with the human leg, at thigh, shank,
and foot. The locations of the cuffs and straps can be
adjusted vertically and horizontally so that a comfortable
fit can be achieved for every individual user. The knee joint
was modelled as a single revolute joint allowing flexion/
extension motion of the leg in the sagittal plane. The details
of the study can be seen in Virk et al.*® It is noted that the
knee joint can also be modelled as a joint involving both
rotating and sliding motions,*® but this also implies a com-
plicated design of joints.*! We thus consider the knee as a
revolute joint to make the design simple and compact.

The selection of active and passive DoF of LB-AXO is
determined based on the motion analysis and the results
from the previous project EXO-LEGS.** As the torque
assistance in sagittal plane is dominant, flexion/extension
joints of hip and knee are powered by actuators. Table 2
lists the RoM of all joints, which is sufficient to cover the
target motion of normal human walking, standing, sitting
on a chair, squatting, or kneeling. The medial/lateral rota-
tion DOFs of hip, knee, and ankle joints have a possibility
of being passive to improve the performance. Moreover,
the dorsiflexion/plantar flexion joint at the ankle can be
passive to improve mobility, wearability, and controllabil-
ity while drastically reducing weight and complexity of
the system.

The specifications of the hip, knee, and ankle modules in
terms of their actuation and the range of movements are
listed in Table 2. The EC series DC motors from Maxon
Motor Inc. and the XFS harmonic drive from HAINA are
used for active actuation. This drive performs similar to
Harmonic Drive but costs only one-third of the latter. The
active joints are able to assist with up to 50% of the power
required for a target motion, which complies with the low-
risk physical assistive robots as defined in EN ISO 13482.
The electric motors are mounted with harmonic gear sets
with suitable reduction ratio that balances the required assis-
tance torque and human movement speed. Table 3 lists the
power, torque, and velocity specifications of the LB-AXO.
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Table 3. Power, torque, and velocity details for LB-AXO active
joints.

Module Joint Power  Cont./max torque Vel.
Hip flex./ext. 100 W 28/440 Nm 28 rpm
Knee flex./ext 100 W 14/212 Nm 58 rpm

LB-AXO adjustments and attachments

The LB-AXO subsystem is fitted with wearers using length
and width adjustments at the waist, thighs, shanks, and feet,
see Figures 2 and 3. The waist support comprises adjustable
fastening mechanism around the waist, containing inter-
faces for the mounting of left and right legs and also pro-
vides interfaces to integrate with the UB-AXO through the
spine module. The thigh and shank links are adjustable in
lengths to fit different heights of the wearers and housing
the motors and gear assemblies for the hip and knee joints.
The lengths of the links can be adjusted by using sliding
links, as shown in Figure 4(a). The foot section is adjusta-
ble in length to fit different sizes of feet of wearers. The
foot design includes sensors for detecting ground reaction
forces. It also comprises of a Velcro belt for attaching the
exoskeleton to the shoe of the wearer as shown in
Figure 4(b).

Another vital aspect in the design of the LB-AXO is the
method for effectively mounting the exoskeleton onto the
human’s lower extremities with comfort. The appropriate
selection of human attachment is vital not only for its wear-
ability but also for the performance of LB-AXO subsystem.
LB-AXO directly attaches to the wearer at the waist/upper
body, thighs, shanks, and feet. The attachment of LB-AXO
and UB-AXO is achieved through the waist support, on
which the spine module is mounted. A blast-belt harness,
which is normally used for extreme sports and backpack-
ing, is adopted to maximize the adherence level of waist
attachment. The blast-belt harness is composed by a soft
back with Velcro straps and snap buckle belt for rapidly
fitting and easy tightening. This ensures a firm yet comfor-
table attachment interface.

At the thighs and shanks, an adjustable aluminum strip
(front and back) is provided to integrate force sensors. A
Velcro belt is used for rapid tightening. The aluminum strip
is designed to be adjustable by sliding and locking with a
cam slider lever-bolt device as shown in Figure 4(a). It is
manufactured by Misumi Inc. and provides comfortable
way of adjusting the location of strips with the human body
according to the size of the wearer. When the lever is pulled
up, it allows movement of the aluminum strip until the user
feels comfortable. The lever is then pushed down to lock
that position. Furthermore, a soft strip is attached inside of
the aluminum strip to improve the comfort and flexibility.

LB-AXO uses a set of different sensors for measuring
the state of the system. All active joints are fitted with
absolute encoders to obtain the joint angles and thus the

Force sensor
/Load cell

cuff attachment
adjustment lever

Vertical length
adjustment screw

Passive pin joint for
flexion motion of foot

=55 passive pin joint for inversion/
eversion ankle motion

Housing for Load cell

Figure 4. Attachments and force sensors in LB-AXO: (a) CAD
model of thigh cuff with integrated minor adjustment and
interaction force sensor, (b) foot attachment with integrated
ground reaction force sensors, and (c) the pressure plate showing
with details.

system configuration. The active joints are also fitted with
angular speed sensors for motor control purposes. There are
many different sensors available for measuring force
between the mechanical components. In this work, load
cells are used to measure the force. Load cells are preferred
over other methods to measure ground reaction forces and
heel strikes because the other methods (force sensitive
resistors, etc.) cannot measure heavy loads. In LB-AXO,
load cells (AL31-MM-1C) manufactured by Honeywell
Inc. are used to measure the ground reaction force through
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the foot module. It is important to note that to properly
assist the human during each phase of the walking cycle
(stance phase, single support phase, and double support
phase), each phase’s start and end must be appropriately
measured. Therefore, a foot assembly is designed for each
leg of the exoskeleton with two load cells as illustrated in
Figure 4(b), one at the toe to detect toe-off and the other at
the heel to detect heel strike. The load cells are mounted
through a separate pressure plate with sliding steel pins to
allow proper force application and sensing.

Load cell is sandwiched between the plate and the foot
side assembly as shown in Figure 4(c). Two pins are pro-
vided on the plate which are located on either side of the
load cell housing to ensure vertical alignment as well as to
eliminate any motion in the lateral direction. It is noted that
the vertical direction component is dominant in calculating
the ground reaction force, hence, the lateral direction force
component is negligible and was not used in the control
system.

The two-plate assembly, on the other hand, provides the
necessary freedom to the human for proper walking.
Furthermore, the load cells allow proper measurement of
the ground reaction forces at each foot of the exoskeleton to
estimate the center of pressure which is important in apply-
ing advanced stability-control techniques to the exoskele-
ton. Moreover, the thigh and shank cuffs are also fitted with
the load cells to measure interaction forces between the
wearer and LB-AXO.

The upper-body subsystem—UB-AXO

The UB-AXO, shown in Figure 5, is designed to support
the wearer in activities that require lifting and holding/car-
rying objects below and above shoulder height, mainly in
the sagittal plane. However, these motions also include
reaching to the opposite shoulder. Due to these require-
ments and the large dexterity of the human upper body, the
UB-AXO has a total of 15 DoFs, including six DoFs in each
upper limb and three DoFs in the spine module. Of them,
six DoFs are active and the remaining nine DoFs are pas-
sive (Figure 5(a)). Each shoulder module has 2 active and 1
passive DoF, while each elbow module has 1 active DoF.
Moreover, the shoulder module is extended with two more
passive joints, namely, Joint 1&2-SPR, to account for the
shoulder protraction and retraction (SPR). The specifica-
tions of shoulder and elbow modules in terms of their
actuation and RoM are listed in Table 4, where EC motors
from Maxon Motor and harmonic gear from Leaderdrive
are used for actuation. The harmonic gear is selected for its
back-drivability, which allows the user to move even if the
motors are powered off.

The shoulder and elbow modules

The shoulder module has five DoF, where two are used to
match the protraction/retraction of the human shoulder

Joint 4 - SR

Joint 3 - SAA

Joint 1&2 - SPR

Joint 5 - SFE

Spine Module:
-LFE
-LAR
-LLF

ECi-40 BLDC

70W

ECi-40 BLDC
70 W

Interaction

Force Sensor

Interaction

Force Sensor

(b)

Figure 5. The UB-AXO system: (a) conceptual design of the UB-
AXO, where joints 3, 5, and 6 in each arm are active, while other
joints are passive and (b) the physical UB-AXO system.

Table 4. UB-AXO specifications for spine, shoulder, and elbow
modules.*®

Module Joint RoM Actuation
Spine lumbar flex./ext. 30°/-30° Rubber disks
axial rot. 30°/-30° Rubber disks
lateral flex. 30°/-30° Rubber disks
Shoulder  protra/retraction  122°/—122°  Passive
abd./add. 120°/—80° EC-i40 and
LCS-17-100
int./ext. rot. 90°/—-50° Passive joint
flex./ext. 170°/—10° EC-i40 and
LCS-17-100
Elbow flex./ext. 145°/0° EC-i40 and
LCS-17-50

girdle and the final three DoFs are used to match the three
rotational DoFs of the human glenohumeral joint. The
shoulder protraction/retraction is realized by two passive
revolute joints in series (see Figure 5), as aforementioned.
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Double Parallelogram Linkage (SR)

\

Remote Centre of Motion

Figure 6. The double parallelogram spherical mechanism.

Table 5. Motor specifications for UB-AXO active joints.

Module Joint Cont./max torque Vel.

Shoulder abd./add. 10.5/29.8 Nm 41 rpm
flex./ext. 10.5/29.8 Nm 41 rpm

Elbow flex./ext 5.3/9.9 Nm 82 rpm

The glenohumeral joint motion is realized by a novel
shoulder mechanism composed by two revolute joints con-
nected by a double parallelogram linkage.*> The double
parallelogram spherical mechanism (DPM in short), illu-
strated in Figure 6, is a remote center of motion (RCM)
mechanism with a relatively large RoM free of singularity,
which is able to map 90% of the human glenohumeral
RoM.** Moreover, the parallel structure of the double par-
allelogram linkage gives the DPM a high overall stiffness,
while remaining lightweight and compact. These features
make the DPM suitable for assistive portable exoskeletons.
The DPM has two active joints and one passive. The
shoulder abduction/adduction (SAA) and flexion/extension
(SFE) joints are powered, while shoulder internal/external
rotation (SR) joint is passive. The elbow module is a single
powered joint that supports flexion/extension of the human
elbow (EFE). Table 5 lists the torque and velocity specifi-
cations of the UB-AXO active joints. All motors have an
output power of 70 W.

The spine module

The UB-AXO includes also a spine module, which has
three passive DoF supported by compliant elements. The
module is designed to transfer the load of the UB-AXO to

Teflon disk |

Top Housing

Vertebral hndy\u
Intervertebral msk/r
Mounting block~g

"

Lumbar axial rotation

(LAR)
Lumbar lateral flexion

Lumbar flexion/extension
(LLR)

(b) (LFE)

1 4§ Spherical bearing |

| <k Bottum Housing |

Figure 7. The spine module: (a) conceptual design and (b) flexible
motion with the spine module.

the LB-AXO and support human upper body, while match-
ing three DoF of the lumbar spine (Figure 7(a) and (b)). The
design adopts biomimic approach, with which the spine
module is designed to resemble the human lumbar with a
set of vertebral bodies of aluminum and intervertebral disks
of rubber. The number of vertebral bodies and interverteb-
ral disks used in the spine module depends on the size of the
wearer. For the target user group, the number of disks used
in the spine module ranges between 3 and 5.

The vertebral body consists of two housing units
enclosing a spherical bearing to realize three rotational
DoF for each vertebral disk. A Teflon bushing is inserted
between the vertebral body and intervertebral disk to
minimize frictional losses during Lumbar axial rotation
(LAR). The RoM of LAR is constrained by end-stops on
the vertebral bodies. The end-stop consists of a wishbone
structure on the top housing and pin on the adjacent bot-
tom housing, see Figure 7(b).

The lumbar flexion/extension and lateral (LFE and
LLR) movements have a spring-backed support by the
compliance in the intervertebral rubber disks. By selecting
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different rubber disks of varying stiffness, the spine module
can provide varying supports to users.

The spine module transfers load from the upper body
and arms to the legs. Moreover, it provides support to
human spine to prevent possible injury caused by extra
loads and motion beyond RoM of the spine. Tests were
conducted on the bending stiffness of the spine model, as
presented in section “Usability testing.”

UB-AXO adjustments and attachments

Similar to the LB-AXO, the UB-AXO is fitted with a set of
adjustable links to fit target users. The length of the spine
module can be modified by either adding or removing a
disk element. Moreover, a sliding adjustment can further be
used for fine adjustment. The upper arm and forearm links
are both adjustable to fit the wearers arm.

UB-AXO is worn by the user through a set of attach-
ments at the human torso, upper arm, and forearm. A snap
buckle belt embedded with a flexible plastics material
wraps around the waist of the user and attaches to the base
of the spine module. At the top of the spine module, a rigid
back plate is fitted with shoulder straps that wrap around
the users torso and are attached to the belt. The belt and
shoulder straps enable a quick fitting and easy tightening to
the user. The upper arm and forearm links are fitted with a
set of cuffs consisting of flexible plastics materials tigh-
tened to the limb using straps.

UB-AXO uses a number of sensors for measuring both
the exoskeleton state and also the human—exoskeleton
interaction forces. The SAA, SR, SFE, and EFE joints are
fitted with absolute encoders to detect the joint angles and
thus the system configuration. The active joints, namely,
SAA, SFE, and EFE, are also fitted with angular speed
sensors for motor control purposes.

In the design, the upper arm and forearm cuffs are fitted
with strain gauge-based force sensors (see Figure 8(a)) to
measure interaction forces, noted by Fiy, between the
human and UB-AXO. It is noted that there are many dif-
ferent ways to measure the interaction force, either using
commercial standard load cell, such as ATI six-DoF force
sensor,* or design special ones to meeting specific require-
ments.* In this system, we designed our own force mea-
suring device to meet space constraints to achieve a
compact and portable system.

The force sensors are designed with two flat beams with
an equal distance to the centerline, as illustrated in
Figure 8(b). A total of eight strain gauges are configured
in two full-bridge configurations that measure bending
moment in the two beams. The first full-bridge (SG11,
SG12, SG13, and SG14) measures the force applied along
the z-axis at the cuff interface, while the second full-bridge
(SG21, SG22, SG23, and SG24) measures the force along
the y-axis. The Wheatstone bridge configurations for the
two force readings are illustrated in Figure 8(c), where V is
the excitation voltage and V, is the sensor output voltage.

Exoskeleton interface

Upper Arm Force Sensor
B R

~
~

Forearm Force Sensor

(a)

Force in 2 i

Figure 8. The strain gauge-based interaction force sensors in UB-
AXO: (a) force sensors integrated in UB-AXO, (b) strain gauge
placement on the UB-AXO force sensors, (c) Wheatstone bridge
circuit for the UB-AXO force sensor. V,, and V,, are output
voltages associated with interaction forces in y and z directions.

Because the sensor output voltage is low (in the size of
mV), an amplifier circuit built with an IC chip, namely,
LM324, is used to scale the output voltages for better read-
ability, in which the gain of amplification is determined by
R3/R2.

System development and preliminary
testing

The FB-AXO has been constructed, as shown in
Figure 1(b), with controllers developed. Upon the system
developed, the AXO-SUIT was preliminarily tested.>

Control strategies for the LB-AXO, UB-AXO
and FB-AXO in the initial testing

In assistive applications of active joints, the assistive tor-
ques are determined through a control strategy that uses
inputs from the system, as illustrated in Figure 9.

In UB-AXO, a static load compensation strategy is
adopted. The assistive torque of each active joint is calcu-
lated with three parts; an exoskeleton gravity compensation
torque Texo, @ human gravity compensation torque g and
torque for external loads 7;, namely
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Figure 9. Control strategy, where 0 stands for joint variables
and F;, for interaction force between human and exoskeleton
measured through force sensors.

3 Phase Joint Module

PWM Local CAN
BUS

- S can
*— BUs

Figure 10. Schematic of joint level control by slave controller.

Tass:Texo+K(tg+t1) (1)

where K defines the assistance levels of all joints. More-
over, 7; is dependent on external load F,, which can be
determined by

t,=JF, )

where J is the Jacobian of the UB-AXO limb.

Considering that the accelerations and velocities of the
human movement are assumed small, the interaction
between the human and exoskeleton can be considered
quasi static. In this light, a control strategy with gravity
compensation is sufficient for the assistance of activities
in daily life.

The LB-AXO subsystem adopts a distributed control
scheme to take the advantage of separated functionality
of each control module. The distributed control can miti-
gate the computational burden at the specific microproces-
sor. Therefore, each leg has a powered revolute knee and
hip joints which are locally controlled by four CAN-based
motor power drives connected to respective slave control-
lers. All the four slave CAN controllers are connected
together through a master CAN controller. Each of the four
slave controllers locally handles the sensor input and motor
command output and performs data sharing with the master
software via CAN bus. Figure 10 shows the joint level
control scheme by the slave CAN controller. Each LB-
AXO joint assembly primarily consists of a brushless
DC-motor as joint actuator, a harmonic drive as gearhead,
and an encoder (2 channels MILE 1024) as a joint speed
sensor. The inductive MILE encoder ideally complements
brushless motors. It offers an impressive resolution and
high accuracy. The encoder with inverse signals is very

SYSTEM CANBUS SYSTEM CANBUS

Left hip
module o )

Right hip ©
module

>

SYSTEM CANBUS SYSTEM CANBUS

Right knee Left knee
module - module e—e
Figure 11. Flow diagram of joint level (Slave)-Master microcon-

troller system of LB-AXO.

resistant against magnetic and electric fields as well as dirt.
It is integrated directly into the motor. The position of each
brushless DC motors was locally controlled by EPOS4
Compact 50/15 CAN controller.

The master controller not only connects and processes
the data from slave controllers but also provides commu-
nication GUI link between human user and the LB-AXO as
shown in Figure 11. For the LB-AXO system, a force-based
control strategy is used, which functions on human-exos-
keleton interaction. The force/torque sensors mounted at
the interfaces with the wearer (the thigh, shank, and foot
attachments) detect the intentions of the human and com-
municate this to the control system of LB-AXO which, in
turn, provides the desired assistance by running the actua-
tors accordingly.

The ranges of motion of hip, knee, and ankle joints of
both legs of the model are constrained according to the
counterparts of human segments. To simulate the ground
reaction forces, foot is represented as rigid body connected
by a pin joint, to allow movement in sagittal plane, and
contact forces are used between the foot and the ground
at estimated times of the heel strike, the single stance phase,
the toe off and over the double stance phase. The master
controller connects, synchronizes, and provides a central
control of the whole system. The details concerning control
equations used in the control system design can be seen in a
separate study.>®

Usability testing

Tests were conducted to assess the performance of the
system. The purpose of usability testing is to examine how
usable the FB-AXO is, considering its size adjustability,
comfort, and ROM in different poses. Prior to testing at
the FB system, each module was tested to function prop-
erly. Figure 12 shows the bending curve of the spine with
three types of rubber disks, obtained experimentally with a
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Figure 12. Bending moment/angle curve for the three interver-
tebral disks of (1) hard, (2) medium, and (3) soft rubber. While all
disks show nonlinearity in stiffness, the hard disk displays only its
linear part in the range of applied bending torque, due to its high
stiffness.

fixed maximum torque. The flexibility of the module
enables a natural and comfortable interaction between
FB-AXO and human trunk. Meanwhile the stiffness can
be adjusted with respect to working conditions. For exam-
ple, hard rubber disks can be used if the exoskeleton is
intended to assist carrying heavy loads.

In usability tests, the participants were asked to com-
plete a set of basic movements related to the prioritized list
of motions in Table 1. Tasks for UB-AXO include lifting,
lowering, and carrying, while for LB-AXO the task is to
walk on treadmill. The tasks for FB-AXO performed
include carrying a payload while walking, standing stably
in free space, walking up/down stairs, and so on. Figure 13
depicts the usability testing of walking with 6 kg load on a
treadmill at a speed of 1.2 m/s. The assistance level was
kept constant over the complete interval. A harness on the
ceiling was used to protest the user from falling for safety.
In total, 24 healthy persons (12 in UB-AXO, 10 in LB-
AXO, and 2 in FB-AXO) of ages between 20 and 62 have
participated in the usability test separately.

Questions asked include whether they feel comfortable
in different poses and also feel support to carry the load.
Participants provided positive feedback, which demon-
strates FB-AXO’s usability to fit and assist users in these
tasks. On the other hand, it is also noted that participants
feel not easy to put on and take off the exoskeleton and
need others’ assistance, which could be further improved
through engineering design.

Physical assistance testing

Tests were performed for UB-AXO in load carrying
assistance, including lifting, lowering a 6 kg payload (Fig-
ure 14). In addition, testing includes also a task of carrying
the 6 kg payload while walking.

The users are fitted with EMG sensors at the larger
muscle groups, including the biceps and deltoid muscles,
to record the muscle activities with/without exoskeleton

Figure 13. Testing of FB-AXO on carrying payload while walking
on treadmill.

assistance. The selection of muscles was made following
European recommendations for surface electromyography
for the non-invasive assessment of muscles (SENIAM,
http://seniam.org/). Surface EMG data for all tasks were
recorded using the four-channel NeXus-10 MKII hardware
and BioTrace+ V2017A software (Mind Media B.V.,
Netherlands). The EMG data were normalized with respect
to maximum voluntary contraction (MVC).

Table 6 presents muscle activities recorded by EMG for
two scenarios of the carrying task, one to carry 6 kg pay-
load for 1 min (Carry-M1), the other for 3 min (Carry-M3).
The effect of physical assistance can be observed from the
data recorded. It is also interesting to notice the difference
of assistance effect for the cases of using exoskeleton for
1 min and for 3 min. In the latter case, the assistive effect is
more obvious. An explanation to this result is that human
users need time to “learn” how to get assistance from exos-
keleton. With the current control strategy, the exoskeleton
system is not fully adaptive to the given assistive tasks. But
once human users learned how to use the system, they can
effectively take the advantage of exoskeleton for assis-
tance. This results thus demonstrate also mutual adaptation
in the human-exoskeleton interaction.*® In general, the test
results are mixed, showing an overall positive assistance
with most tasks.>> Figure 15 plots variation of interaction
force during load carrying. For the 6 kg payload, or 58.8 N,
carried by the system, it is observed that roughly 10 N force
applied on single human arm, therefore about 20 N force on
both arms. In other words, most payload was carried by the
exoskeleton, a strong evidence of physical assistance
generated.
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Figure 14. Test of the UB-AXO with 6 kg payload lifted from the ground to a table.

Table 6. Muscle activities (RMS Amplitude) in load carrying.

Biceps Brachii (% MVC)

Deltoid(middle)(% MVC)

Condition Task Mean + SD Min Max Mean + SD Min Max
No Exo Carry-Ml 11.78+£5.75 5.36 24.78 2.15+1.05 0.88 6.32
Carry-M3 14.17+8.02 6.72 29.36 2.11+1.32 0.84 7.16
With Exo Carry-MI 15.04+6.15 6.42 37.99 4.65+2.86 1.48 16.22
Carry-M3 10.79+ 6.81 4.71 2837 2.35+2.47 0.90 847
10 Table 7. Ratings of Perceived Exertion (RPE).
=y No Exo with UB-AXO

2 0 Median Median Med.
5 Task (Min—Max) (Min—Max) Difference

§-10 Lifting 3.0 (1.0-3.0) 2.0 (1.04.0) -1.0

] Lowering 2.0 (1.0-3.0) 2.0 (1.0-4.0) —-0.0

§-20 Carrying 4.0 (1.0-5.0) 3.0 (3.0-7.0) —1.0

0 25 50 75 100 125 1 éO 175

Time (sec) It is noted that the performance assessment of exoske-

Figure 15. Interaction force during 6 kg load carrying

The performance of the AXO-SUIT was also assessed by
Rating of Perceived Exertion (RPE),*” which is the numeric
estimate of subject’s activity intensity. The RPE was mea-
sured for participants using a scale from 1 to 10, representing
from very light to very heavy perceived exertion. The scores
of RPE assessment of UB-AXO module are listed in Table 7,
which indicates slightly decreased scores, reflecting the
effect of physical assistance by the exoskeleton.

leton systems is a very challenging task, which requires
well-defined protocols and assessment criteria, and perfor-
mance metrics.*® While the preliminary tests on FB-AXO
show its positive effect on assistance, more study is needed
to test the system and assess performance comprehensively.

Conclusions and discussion

In this article, the design of a modular FB powered assistive
exoskeleton FB-AXO is presented. The design challenge of
kinematic compatibility between user and exoskeleton
was addressed through a close end-user involvement.



Christensen et al.

Table 8. Full-body exoskeletons.

No. Name active DoF Weight(kg) Main features

I Body Extender'® 22 160 DC motors; 50 kg payload

2 X02"? 23 95 Hydraulic powered; 23 kg payload

3 HAL-5%° 8 23 Battery powered DC motors; 15 kg payload
4 DFKI exoskeleton’ 30 41 Battery powered DC motors

5 FB-AXO 10 25 Battery powered DC motors; 5 kg payload

Questionnaires on functional requirements lead to a prior-
itized list of upper-, lower, and FB motions to assist. A
further study of these prioritized motions was done to deter-
mine dominating DoFs, the ROM, joint torques and velo-
cities, and so on.

In this work, a novel exoskeleton is designed with two
innovative mechanisms: the DPM shoulder joint and bio-
mimetic spine module. The DPM shoulder joint has a high
overall stiffness, while being lightweight and compact. The
biomimetic spine module transfers loads from the UB-
AXO to the LB-AXO with three quasi-passive DoFs. More-
over, it increases the dexterity for upper-body activities
allowing the user to complete complex motions, such as
reaching to the side overhead/opposite shoulder.

FB-AXO features a high number of DoFs and adjustments
to bring higher kinematic compatibility and physical comfort
to the user. Compared with other FB exoskeletons, such as
HAL-5 and XOS2, as shown in Table 8, the FB-AXO has a
low weight, while provides mid-duty comprehensive support
that are suitable for physical assistance of the elderly.

Results from the preliminary studies, including the
usability and functional tests, of the FB-AXO prototype
show a good compatibility between the user and exoskele-
ton and positive effect in physical assistance. On the other
hand, the preliminary test reveals also some limitations of
the design, which include the considerable weight and also
misalignment due to different subject sizes. Moreover, con-
trol of human—exoskeleton systems for upper-body exoske-
leton applicable for versatile and dexterous arm motion is
yet to be developed.

From the preliminary tests, the difference of assistance
effects due to variation of using time suggests a strong
mutual adaptation between human and exoskeletons. A
recent study on wearable robots demonstrates the use of
augmentation devices such as exoskeleton relies on our
brain’s ability to learn, adapt, and interface with the
devices.*® Further study on the complex kinematic,
dynamic, and cognitive synergies between human and
exoskeletons could be investigated.

The designed exoskeleton is mainly for light-duty phys-
ical assistance of daily activities. The system is also appli-
cable for other purposes, for example, physical training,
workplace assistance, and so on. Further investigation on
improving the physical assistance and interaction with the
LB-AXO, UB-AXO, and FB-AXO is planned.
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Chapter 6

Summary of Results and
Conclusion

This chapter summarises briefly the included journal papers. Their objec-
tives, methods and the results of the research works in the three papers will
be highlighted. The contributions and impact of the work will be presented.
Suggestions and recommendations for future work within this field of re-
search are included at the end.

6.1 Summary of Results

Paper I
Kinematic Analysis and Design of a Novel Shoulder Exoskeleton using a
Double Parallelogram Linkage

A novel spherical mechanism for a shoulder exoskeleton joint composed of
two revolute joints connected by a double parallelogram linkage (also known
as the Double Parallelogram Mechanism) is presented in Paper L. This spatial
mechanism has a remote centre-of-rotation that coincides with anatomical
shoulder joint centre-of-rotation without interfering with the natural motion
of the joint or colliding with the soft tissue of the human body. The forward
and inverse kinematics of this mechanism are derived theoretically and an
analysis of the manipulability analysis demonstrates that the mechanism is
singularity-free within its ROM. This innovative mechanism was designed to
overcome the drawbacks of the tranditional serial-linkage shoulder mecha-
nisms, which are bulky and kinematically limited. These mechanisms pro-
trude away from the human body and suffer from singular points within its
workspace, where the mechanisms lose a DOF and cannot move any further.
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Moreover, the bulky design of these mechanisms limit the real workspace
of the exoskeleton, due to interference with the human. An analysis of the
reachable workspace for the DPM yield that 90% of human glenohumeral
joint could be reached without collision between the mechanism and human
shoulder. Finally, the real workspace of the DPM was experimentally inves-
tigated, yielding a large ROM without interference with the user of the exo-
skeleton. The weight of the constructed double parallelogram linkage was
approx. 200g, hence, the design is deemed well suited for portable upper-
body exoskeletons.

Paper II:
Modeling and Analysis of Physical Human-Robot Interaction of an Upper
Body Exoskeleton in Assistive Application

To aid the design process of the UB-AXO exoskeleton, a human-exoskeleton
co-simulation model, presented in Paper II, is used to analyse the physical
interaction between a bio-mechanical model of the human arm and the con-
ceptual design of UB-AXO. The exoskeleton is illustrated in Fig. 6.1, which
features the aforementioned Double Parallelogram Mechanism as its shoul-
der mechanism (Paper I). The exoskeleton is designed to actively support the
anatomical shoulder abduction/adduction and flexion/extension along with
the elbow flexion, while the shoulder internal/external rotation is added as
a passive joint in order to realise the ROM required by the end-users.

The human-exoskeleton system in this work comprises two systems: (1)
a musculoskeletal human body and (2) an exoskeleton model. The human-
exoskeleton model is implemented in the musculoskeletal modelling soft-
ware AnyBody Modeling System [128]. The musculoskeletal model is sized
as a 50th percentile European male and derived from the repository in Any-
Body and the mechanical properties of the exoskeleton are extracted from
CAD using SolidWorks. As input to the model artificially generated using
kinematic drivers of the elbow and shoulder was used to drive the muscu-
loskeletal arm. The exoskeleton model consists of all links, joints and motors
of the exoskeleton in Fig. 6.1. The assistance of the exoskeleton follows an
ideal static-load compensation control strategy. In essence, the control is an
open loop gravity compensation that neglects effects like friction and inter-
action control, which must be included in a real system. The control only
utilises sensor telemetry from the exoskeleton, thus, the exoskeleton control
is decoupled from telemetry from the human model. The two systems are
connected at three ports of interaction, namely the trunk, upper arm and
forearm in order to supply joint level assistance. A set of kinematic and ki-
netic constraints are formulated at the three ports to form a single mechanical
system in the analysis model and are formulated to give a realistic interaction
between the human and exoskeleton.
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The kinematic constraints between the two systems make the whole sys-
tem kinematically over-determined, thus there is no unique solution to the
kinematics. The AnyBody software is able to handle a kinematically over-
determined system though a nonlinear least-squares optimisation algorithm,
where "soft" constraints are allowed small kinematic errors.

The kinetic constraints are formulated as a contact problem using the uni-
lateral contract model in the AnyBody Software, which consists of a unilateral
normal force, i.e., pressure forces and friction forces. The contact forces are
determined by calculating the reaction forces between a base and a target
node, where the base note is attached to the exoskeleton and the target note
on the human musculoskeletal body. The base note constitutes a cylindrical
space to establish contact between the two nodes, i.e., if the target node enters
the cylindrical space, the exoskeleton and human have contact.

The human-exoskeleton model is used to simulate internal body loads,
such as muscle activity and joint reaction forces under the influence of the
UB-AXO in addition to the power and energy consumption needed for the
motion assistance. The model also allows us to estimate the dynamic be-
haviour of the human-exoskeleton system and conduct comprehensive sim-
ulations to improve our understanding of the pHRI and, finally, to design an
exoskeleton with improved pHRI. This is demonstrated with two simulation
cases; one for a simple bicep curl and the other for an overhead reach releated
to the ADLs required by the end-users. The simulation results show that the
use of the UB-AXO can significantly reduce the required maximum muscle
activity, targeted human joint torques and muscle energy consumption in the
human arm by 30% to 45% with the low-level assistance control and 33% to
62% for the high-level assistance control.

Paper III:
Design of a powered full-body exoskeleton for physical assistance of el-
derly people

Paper 1III presents the design, development, construction and preliminary
evaluation a powered full-body exoskeleton for weaker ageing adults. The
development of entire system is driven by a close interaction with the end-
user to derive requirements, assessment of the designs and preliminary test
and evaluation of the system performance. To support the development fur-
ther, three-dimensional human kinetic and kinematic simulation data were
gathered for the highest priority tasks to decide the ROM and torque re-
quirements at the joints of the FB-AXO, which were also used in Paper II.
The exoskeleton, named FB-AXO, features a high number of DOFs and
adjustments to add a higher level of kinematic compatibility and physical
comfort to the user. Compared with other full body exoskeletons, the FB-
AXO has a low weight, while being able to provide medium-duty and com-
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Joint 1 - SAA

Joint/z -SR / Cuffs

Harness

Fig. 6.1: Conceptual design of the UB-AXO

prehensive support, which is suitable for physical assistance of the elderly.
FB-AXO is a modular system, comprised by two main subsystems; the lower
body exoskeleton LB-AXO and upper body exoskeleton UB-AXO. The UB-
AXO is an second iteration of the version presented in Paper II, where a spine
module has been added. The spine module is designed transfer the load from
the UB-AXO to the LB-AXO, while matching the three DOFs of the lum-
bar spine, which are passively supported by rubber disks. The rubber disks
comes in three different stiffness properties and can be changed pending the
use-case of the exoskeleton. The additional DOFs from the spine module
increases the dexterity for upper-body activities, thus allowing the user to
complete complex motions, such as reaching to the side overhead/opposite
shoulder. Each subsystem is capable to work autonomously, as the assistance
of the device is provided at joint level. The final design of FB-AXO weighs
25 kg and includes a total of 27 DOFs, of which 10 are active and 17 are
passive. All the active DOFs are powered using DC motors and harmonic
gears for compact, light and backdrivable actuation. To fit a broader range of
users a number of adjustments, e.g. length adjustments of the shank, thigh
and upper arm) are included for the FB-AXO to bring a higher kinematic
compatibility and physical comfort to the user.

The LB-AXO and UB-AXO follow different control strategies. The LB-
AXO uses a force-based control strategy is used, that functions on human
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and exoskeleton interaction from a set of force sensors. This includes load
cells in foot module to detect heel strike and "toe-off" and centre of pressure
of the system, and load cells in the thigh and shank to anticipate human
intention for walking. The high level control strategy for UB-AXO is a static
load compensation strategy, which compensates the gravitational load of the
human arm 7; and an external load in the hand of the user reflected in
exoskeleton joints T;, to deliver a desired assistive joint torque, T,ss, for the
different joints. Similar strategy was presented in Paper II. Hence, the high
level control can be expressed as:

Tass = K (15 + 17) (6.1)

where K defines the assistance levels of all joints.

The assistance contributions 7, and 7; are estimated based on inputs from
the user, where a control interface is used to enter the weight for the user and
the weight of the object to be carried. The individual masses of the upper
body limbs, i.e. upper arm and forearm, are calculated based on estimated
mass properties from [136]. Since, the exoskeleton presumes it is kinemati-
cally compatible with the human kinematics, the exoskeleton joint angles can
be used to calculate their contributions to the desired assistive joint torque.

The control can switch between "free motion" and "assistive” mode. In
"free motion" the assistance level K is set to zero, meaning the desired assis-
tive torque is zero. To provide the desired assistance torque, the low level
control is implemented, which consists of an admittance control, consisting

int 99 int
T J(0) F

Jacobian to
Ports of Interaction
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Fig. 6.2: Admittance based control strategy adopted in Paper III for UB-AXO.
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of an admittance filter Y (s) and velocity PI-controller. The admittance filter
had the following form:

O R—

= = 6.2
Tass Bs+ D (62)

where B and D is the desired inertia and dampening, respectively, at the
given interaction port. The control strategy is illustrated in Fig. 6.2.

It is noted that the control implementation of the low level control in
Paper III was not detailed. However, this has been corrected in later publica-
tions of researchers in the AXO-SUIT project [126, 137].

The FB-AXO, UB-AXO and LB-AXO are all subjected to user testing to
evaluate the usability of the exoskeletons in terms of user satisfaction and
performance. A total of 24 subjects were involved with the testing (12 in
UB-AXO, 10 in LB-AXO and 2 in FB-AXO). The test subject were ask to per-
form tasks derived from the end-user requirements with and without the ex-
oskeletons. Following the tasks, the subject were asked to access the Rating
of Perceived Exertion (RPE), which is a numeric estimate of subject’s activity
intensity. For the UB-AXO, the test subjects were also fitted with EMG sen-
sors on two larger muscle groups in the upper arm, the biceps brachii and
middle deltoid muscles, to compare the muscle activity with and without the
exoskeleton.

The results show, that the prototypes demonstrates a good compatibility
between the user and exoskeleton and positive effect in physical assistance,
especially the RPE, while the EMG measurements were more conflicting. The
RPE was reduced with nearly 33% for the lifting and carrying tasks, while
for the lowering task it was unchanged. The %MVC (Percentage of partici-
pant’s Maximal Voluntary Contraction from the EMG daga) should effect of
assistance the 3 minute carrying task, however, for the 1 minute carrying task
did not demonstrate an obvious assistance. For the bicep the %MVC was
reduced from 14.17 to 10.78 for the 3 minute carrying task, while for the 1
minute carrying task, the %MVC was increased from 11.78 to 15.04. For the
deltroid %MVC all increased when using the exoskeleton.

Hence, it is noted that the performance assessment of the exoskeleton
systems is a very challenging task, which requires well-defined protocols and
assessment criteria, and performance metrics.

6.2 Contributions

The main contribution presented in this thesis is the development of an upper
body exoskeleton through an user-centered design approach supported by a
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bio-mechanical simulation to achieve improved physical human-robot inter-
action. As a result, a novel hybrid upper body exoskeleton, named UB-AXO,
was proposed, designed, constructed and tested with potential end-users.

The shoulder module in UB-AXO consists of an innovative spherical mech-
anism, named DPM (Double Parallogram Mechanism). The spherical mecha-
nism is designed with a double parallelogram linkage (DPL), which connects
two revolute joints to implement the motion as a spherical joint, while main-
taining the remote centre-of-rotation. The design has several new features
compared to the current state-of-the-art, such as a relative large ROM free
of singularity, a high overall stiffness and a lightweight and compact design.
These are all features that make it suitable for assistive exoskeletons. This
invention resulted in a patent application, Patent No. WO 2017/167349

The complex physical interaction between the human body and robotic
exoskeleton was addressed with a human-exoskeleton model. The problem
of physical contact between the exoskeleton and the human limb was ad-
dressed through the kinematic and kinetic connection. The kinematic over-
determinate connection was solved using a nonlinear least-square optimi-
sation algorithm to minimise the kinematic error between the two systems.
Unidirectional contact elements were implemented to model the force trans-
mission between the human and exoskeleton. The model was used to not
only simulate biomechanical effects of the UB-AXO, such as muscle forces
and joint reaction forces, but also the power and energy consumption needed
for the motion assistance. For actively actuated exoskeletons, the power ex-
change is of interest, as power is not only fed to the human, but also extracted.
Hence, the excessive energy from the exoskeleton could be converted to elec-
tric energy and stored for later use, rather than having it dissipated in the
electronics.

A major part of this research is linked to the end-user involvement, which
plays a key role in the development for human-robotic systems. For the
preliminary testing of the exoskeleton, both objective measures (i.e., electro-
myography) and subjective measures (i.e., ratings of user exertion and overall
user experience) were collected to assess the performance of the system. This
provided valuable data on the usability of the system, as well as the user
acceptance of the system. The latter has quite often been ignored in the
tests conducted on other exoskeleton systems. Hence, the user assessment
method of the motion assistance of the exoskeleton is a major contribution of
this work.
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6.3 Limitation and Future Work

The previous section listed the different contributions made to advance the
current state-of-the-art in the field of wearable robotics, however, some lim-
itations were found during this project. Hence, the presented research can
be extended and improved in numerous ways. For that purpose, this sec-
tion lists some limitations of this work and also recommendations for future
works.

In Paper I the reachable workspace of the spherical mechanism, DPM,
was analysed with a simple sphere to represent the human shoulder geome-
try. Subsequently, the ROM was assessed in an exoskeleton setup, where only
a single DOF was tested at a time, e.g., shoulder flexion/extension. Moreover,
the ROM was only tested with the remaining DOFs in their anatomical po-
sition. Hence, the reachable workspace was not investigated in full detail.
Experimental investigation using motion capture, like the method proposed
by Castro et al. [138], could provide more detailed insight into how well the
DPM actually covers the anatomical ROM. This also requires a mechanism
that can supplement the shoulder girdle movements, due to the scapulo-
humeral rhythm.

The human-exoskeleton model presented in Paper Il needs validation to
verify the modelling approach of the force transfer using contact modelling.
This could be achieved by motion capture of simple biceps curls, as one of the
simulation cases considered in the paper, combined with EMG measurements
of the larger muscle groups and force/pressure sensing of the interaction
forces between the human and exoskeleton. Moreover, the model should also
be extended to include the entire human musculoskeletal system to study the
impact of the weight on the spine and the shifting of centre of mass of the
exoskeleton, as it is known from the useability testing to have an influence on
the force transfer characteristic between the two systems. Finally, the model
should be driven by real motion data to generate more realistic movements
of the human limb and exoskeleton for better assessment of the physical in-
teraction and exoskeleton performance.

In Paper III the end-user testing of the full body exoskeleton also revealed
some limitations of the system, from which major lessons have been learned
for future work. On the design of the exoskeleton, one important limitation of
the system performance is linked to the total weight of the system. Although,
the weight is low compared to other state-of-the-art full-body exoskeletons,
it is still too heavy for user acceptance. Thus, the total weight needs to be
improved. One improvement could be to the actuation. In the UB-AXO, the
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actuation accounts for more than half of the total weight; hence, alternative
high power intensity actuators should be considered or replaced with passive
spring supports. Moreover, to reduce the weight further, the structural design
could be improved. Currently, the structural design has not been optimised,
nor have alternative materials to aluminium been considered. Thus, it is fair
to assume that the weight can be reduced substantially by investigating these
areas.

The issue of kinematic alignment, i.e., the possible misalignment of hu-
man joints and the counterparts of the exoskeleton, still needs further work.
The shoulder girdle movements were not supported by the exoskeleton, which
for some end-users posed constraint movements and even motion resistance
rather than assistance. Finally, the compactness of the exoskeleton design has
to be considered further to achieve a higher degree of user acceptance.

The preliminary tests of the UB-AXO involved a total of 12 subjects. Note
that the testing was spilt into two levels, where Level 1 were healthy adults
at age 18 years and over, while Level 2 were healthy adults at age 50 years
and over, as reported in [126]. Level 1 test subjects (total of eight) partici-
pated in a more elaborate test protocol, which included EMG measurements,
while Level 2 (total of four) completed a simpler test protocol, which did not
include EMG measurements, but only their RPE. As a result, the duration
of the test was one hour for Level 1 and only half an hour for Level 2. The
spilt in Level 1 and 2 test subjects was done due to safety consideration of
the older adults. Hence, for more complete assessment of user acceptance, a
larger pool of Level 2 tests are required.

The results of the objective measures (i.e., EMG measurements) and sub-
jective measures (i.e., RPE and overall user experience) were at times incon-
sistent. In general, the RPE indicated a positive effect in assistance, while the
EMG measurements did not. The risk with subjective measures, such as the
RPE, is that the subject might feel they recieve assistance even though that is
not the case. To improve the credibility of the RPE, a placebo trial could be
included in the test protocol, where the exoskeleton is programmed not to
assist the subject. This test trial could then be used to cross check the subjects
responses, rather than only trust the evaluation of the test subjects. However,
it should also be noted that the EMG measurements had a high SD variation
among the test subjects. This could be explained by differences of compati-
bility with the exoskeleton, as this will affecting their muscle activities with
operating the exoskeleton. Alternatively, cognitive activities could also influ-
ence the measurements, as some of the subjects indicated some nervousness
about wearing the exoskeleton. Nevertheless, to perform proper statistical
analysis on the results, a larger pool of subjects is needed.

The experimental tests only focused on the short-term use of the exoskele-
tons” systems. The long-term use of the portable assistive devices, like the
FB-AXO, LB-AXO and UB-AXO, needs to be studied to determine its impact
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Fig. 6.3: General application of the admittance based control strategy adopted in Paper III

when performing more realistic movements during ADLs. This could also
provide valuable information on if or how the human can adapt to use of the
exoskeleton, i.e., is the human able to learn how to utilise the assistance from
the exoskeletons better over time?

The control strategy utilised for the testing of the UB-AXO did not in-
clude any method for human intention sensing. Instead, a simple static load
compensation strategy was adopted, which included gravitational compen-
sation of the human arm and an external load in the hand of the user. Hence,
the intention of the human was simply to input the weight of the object to
be held. To give more comprehensive support, such as push/pull actions, a
better method of acquiring human intention is required. However, the frame-
work of the admittance based control strategy presented can be applied in a
general sense, providing that the human intention algorithm can produce a
desired joint torque, as illustrated in Fig. 6.3.
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