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Abstract

Abstract

In the industrial field, overhead works are one of the leading causes of Work-related
Musculoskeletal Disorders (WMSDs). These disorders not only pose a significant health
risk to workers but, also, negatively impact industrial productivity. It has been observed
that, in Europe, absenteeism rates in industries caused by WMSDs, exceed those due to
the influenza virus. Both these aspects, in view of the advancements of Industry 4.0,
represent an issue to which a solution must be found to ensure greater workers safety.
A promising solution to mitigate these risks is provided by exoskeletons for industrial use,
which are electromechanical devices worn by operators and designed around the shape
and function of the human body. Their purpose is to assist workers by enhancing
operational capacity and reducing physical effort. Since these devices must be worn in
direct contact with the user, their development leads to significant challenges.
Specifically, they must guarantee, first and foremost, the safety and comfort of the user,
while simultaneously assisting movement without restricting it but rather supporting the
worker during occupational tasks. In this scenario, passive exoskeletons for upper limbs
come into play.

In particular, the prototype analysed in this master’s thesis 1s a passive exoskeleton for
industrial applications, which employs two Pneumatic Artificial Muscles, specifically two
McKibben Muscles (MKMs), as energy storage elements. The particularity in the
functioning of MKMs is linked to their ability to generate tensile forces when pressurized,
which closely resemble the behavior of natural muscles. The exoskeleton under
consideration operates by generating a support torque that counteracts the gravitational
one; the latter 1s generated by both the load of the user's arm and by the presence of any
additional tool in its hands. This mechanism leads to a reduction in load magnitude at
the shoulder joint level and, consequently, to a lower incidence of injuries.

First, an evaluation has been conducted to assess the progress and the significant
advancements made in exoskeleton technology over the past few decades, and then, the
principles governing the operation of PAMs have been explained. Subsequently, the
focus shifted to the core objective of the thesis, namely, to optimize and improve usability
and efliciency of a former exoskeleton prototype. To this end, the prototype has been
analysed, highlighting the adjustments made to the components with the aim of

improving and optimizing the structure's usability. The structural behavior of the
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exoskeleton, both in terms of stresses and displacements, has been tested, using Finite
Element Methods, to evaluate its performance under typical working conditions.
Ultimately, supplementary analyses have been conducted to estimate the entity of the

loads exerted on the subject during the functioning of the device.
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Chapter 1

Introduction

Human performances are limited due to maximum muscle forces and the accumulation
of fatigue, which results in a decrease in the ability to exert maximal force due to exercise.
In the case of repeated daily exertion, degenerative processes can occur, and they could
cause pain. This issue is relevant in the industrial environment where such exertions are
frequent, in fact, it is possible to speak about Work-related Musculoskeletal Disorders
(WMSDs). In fact, with the development of industrial science and technology forced
posture movements of low-load, rapid rhythms and high repetition for long duration
have become a primary feature of modern industry. Musculoskeletal imbalance emerges
when fatigue outruns the worker’s recovery system, which is followed by musculoskeletal
disorders. Especially, overhead work 1s one of the major causes of musculoskeletal
disorders [1][2][3]. An epidemiological study conducted in China has shown that one
of the most common sites for WMSDs among workers 1s the shoulder [4]. Another study,
also carried out in China, by Liang et al. [5], has analyzed the prevalence and severity
of shoulder WMSDs in various industries. The study showed that, among the
participants, about 35.5% felt the presence of WMSDs 1n the shoulder, and in some
areas this percentage even reached peaks of 50%.

This issue not only represents a significant health risk for workers but, it is also critical
for companies themselves. In fact, a study conducted by Liberty Mutual Insurance found
that work-related musculoskeletal disorders are the most common and expensive type of
injuries in the United States, with an economic impact of up to $2 billion per year in
workers’ compensation costs in the construction industry [6]. Similarly, in European
industries, it has been estimated that work absenteeism 1s reported in more than 50% of
employees affected by WMSDs, which is significantly higher than in workers infected by
the influenza virus (10-12%). Furthermore, employees suffering from WMSDs are also

absent from work for a longer period compared to workers with other health problems

1
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[7]. With the purpose of limiting the risks, the National Institute for Occupational Safety
and Health (NIOSH) recommends limits to prevent muscle fatigue, but an innovative
resource to help workers 1s provided by exoskeletons.

Exoskeletons are electromechanical devices worn by operators and designed around the
shape and function of the human body. They have a wide range of applications, and
their specific role depends on the context in which they are used. Exoskeletons can work
like extenders, amplifying the force of humans to improve physical performances such as
increasing load-bearing capacity, reducing metabolic expenditure or enhancing the
ability to run at higher speeds or for longer distances [8],[9]. These features of
exoskeletons are, for example, mainly used in the military or even in the occupational
sector. Also, they can be used in the rehabilitation sector with the purpose of assisting or
correcting the patients’ movements.

Exoskeletons can be used at the level of the upper limbs, at the level of the lower limbs
or can also be full body, with the aim of reproducing or improving the behavior of the
anatomical structure involved. The full-body class refers to the exoskeletons made to
assist all the limbs, or most of the body. The upper body refers to the exoskeletons made
for the upper limbs, and involving the chest, head, back, and/or shoulders. The lower
body category refers to the exoskeletons made for the lower limbs: thighs, lower legs,
and/or hips [10]. Exoskeletons are not only designed for full, upper or lower body, but
can be also designed for specific body parts, for example, for specific joints. The

percentages of diffusion for each exoskeleton type are shown in Fig.1 [10].

1%

Full Body

= Lower body

Upper body

Specific Limb

Specific Joint

u Other

Figure 1: Exoskeleton Distribution by Body Area. Adapted from [10]

As shown in Fig.1, the lower body exoskeletons are the most widespread, with the 56%

frequency, since are designed to help users with motility’s problems that mostly occur in
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the lower body. Nevertheless, upper body exoskeletons are used in many application
areas and are imperative in the exoskeleton field [10].

Upper limb exoskeletons are generally anthropomorphic in nature and find application
in industry, compensation of neuromuscular injuries, post-stroke rehabilitation, or for
supporting disabled people in daily life [11] [12] [13] [14].

Regarding full body exoskeletons, however, their development has been limited due to
the complexities in their design mechanical integration intricacies, and heavier weight.
Full-body exoskeletons are usually used to amplify man's strength and are used, for
example, to transfer most of the force the user would be subjected to the structure in
order to increase the individual's natural capabilities [15].

An exoskeleton i1s required to replicate the kinematics and dynamics of human
musculoskeletal structure and to thus support the limb’s motion [16] which is
challenging with the existing mechanisms and mode of actuation.

In the design phase of a limb exoskeleton, it is necessary to focus on the anatomy and
the dynamics of the structure under consideration, as well as to assess the objective for

which the exoskeleton will be employed.

1.1.  Upper Limb Anatomy

The upper limb allows a wide range of movements to interact with the surrounding

environment. The three most important joints are: shoulder, elbow and wrist.

1.1.1. Shoulder complex

The shoulder joint is the most complex joint of the human body because it includes five
separate articulations: the sternoclavicular joint, the acromioclavicular joint, the

coracoclavicular joint, the scapulothoracic joint and the glenohumeral joint. [17].

The Sternoclavicular joint, Fig.2, is a saddle-type synovial joint that links the clavicle
with the trunk, specifically is constituted by the proximal end of the clavicle that
articulates with the clavicular notch of the manubrium of the sternum. A
fibrocartilaginous articular disc improves the fit of the articulating bone surfaces and
serves as a shock absorber. The SC joint provides the major axis of rotation for
movements of the clavicle and scapula. It allows several movements such as

elevation/depression of the shoulder, protraction/retraction of the shoulder through
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moving the shoulder girdle anteriorly and posteriorly and, also, rotation when the arm
1s raised over the head [17].

Interclavicular ligament

Clavicle
Clavicle

Sternoclavicular
ligament

Articular
— disk

Costoclavicular _ 1%,

ligament Costal

cartilage

Sternum (Ist rib)

Figure 2: Sternoclavicular joint [17]

The Acromioclavicular joint, Fig.3, 1s the articulation between the clavicle and the
acromion of the scapula. Particularly, it consists of the acromion process of the scapula
and the distal end of the clavicle. It 1s classified as an irregular diarthrodial, although its
structure permits limited movement in all three planes. It allows a gliding movement in
the superior/inferior and anteroposterior planes, along with a small amount of axial
rotation. The close-packed position of the acromioclavicular joint occurs when the
humerus 1s abducted to 90° [17].

The Coracoclavicular joint, Fig.3, is a syndesmosis, which is a particular type of joint in
which the joint cavity and the covering cartilage are missing, while the bone segments,
which may be spaced apart, are held together by a membrane or ligaments. It 1s formed
by the coracoid process of the scapula and the conoid tubercle of the clavicle that are
bound together by the coracoclavicular ligament.

However, in some individuals the joint is more complete, and it presents a capsule and

an articular cartilage [18].
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Coracoclavicular Coracoclavicular
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Figure 3: The acromioclavicular and coracoclavicular joint [17]

The Scapulothoracic joint includes the area between the anterior scapula and the
thoracic wall. This 1s not usually considered as a true anatomic joint since it has none of
the usual joint characteristics (union by fibrous, cartilaginous, or synovial tissues), in fact,
1s considered as a unit that collects the sternoclavicular and the acromioclavicular joints.
The scapula can move both in sagittal and frontal planes with respect to the trunk and
the muscles attaching to the scapula perform two functions: the first one is linked to the
stabilization of the shoulder and the second one 1s associated with facilitating movements
of the upper extremity through appropriate positioning of the glenohumeral joint. The
movements within the scapulothoracic junction are described by three degrees of
freedom; elevation-depression, protraction-retraction, external rotation-internal

rotation.

The Glenohumeral joint, Fig.4, 1s a ball-and-socket joint that 1s located between the
head of the humerus and the glenoid fossa of the scapula. It is reinforced by a wide range
of ligaments, such as the glenohumeral, coracohumeral and coracoacromial ligaments,
and rotator cuff muscles [19][20]. It is the most freely movable joint in the human body
because the head of the humerus has three to four times the amount of surface area as
the shallow glenoid fossa of the scapula, with which it articulates. The glenoid fossa is
also less curved than the surface of the humeral head, enabling the humerus to move
linearly across the surface of the glenoid fossa in addition to its extensive rotational
capability [17]. Since it is a highly mobile structure, it needs to be stabilised by means of
ligaments and tendons particularly the rotator cuff, which stabilizes the rotation of the

humerus.
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Coracoid Acromion
process

Acromion
process

Long head
of biceps

Biceps tendon

Glenoid (longhead)

labrum Humerus

Glenoid
fossa

Glenohumeral

ligaments Glenoid

labrum

Scapula

Lateral view

Figure 4: The glenohumeral joint [17]

The rotator cuft muscles, specifically, operate dynamically and enable the execution of
a wide range of movement and, also, provide structural integrity. The movements
performed by the shoulder are: abduction, adduction, flexion, extension, internal
rotation and external rotation [21].

The combination of all the joints listed above forms the more complex shoulder joint,
Fig.5 (a), that reflects the functioning of all the previous mentioned structures but

the glenohumeral joint is typically considered the major shoulder joint [17].

Figure 5: a) Shoulder joint posterior view [22]; b) Enarthrosis model [23]
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1.1.2. The elbow joint

The elbow, Fig.6 (a), 1s a trochlear arthrosis and 1s a complex articulation consisting of
two different joints: the humerus-ulnar, the humerus-radial and the proximal radioulnar
joints. The radioulnar joints, in fact, are represented by the two points in which radius
and ulna articulate in the forearm. These are located one near the elbow, the proximal
one, and one near the wrist, the distal one and both these joints are responsible
for pronation and supination of the forearm [17]. The elbow’s joints are surrounded by
a common joint capsule. The humeroulnar and the humeroradial joints are the ones
that give the elbow its hinge characteristics since the rounded surfaces of the trochlea
and capitulum of the humerus rotate against the concave surfaces of the trochlear notch
of the ulna and the head of the radius. Specifically, the humeroradial joint is classified
as a gliding joint bur the humeroulnar joint restricts motion to the sagittal plane, and
this conjunction allows the flexion/extension movements. Stability in the frontal plane
1s mainly provided by the ulnar collateral ligament and the radial collateral ligament. As
in the shoulder joint, the articular surfaces are covered by articular cartilage [20]. The

movements performed by the elbow are flexion/extension and forearm

supination/pronation.
a) b)
L ———— Omero g
T Mediale E
Condilo }
Laterale i
i Cresta
Cresta sopes- -.:Jpr acondiloidea mediale
condiloidea latel [Ill + . y
‘, THCT Fossa 4
|
I coronoidea
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r
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{
Capitello i Troclea
Ve - /|
Testa ~ Processo — /
corondideo L,_._—

Collo
Incisura radiale dell'ulna

Tuberosita

"1:' f". iiﬁ Tuberosita |
Radio el . S~

Figure 6: a) Elbow joint: front view [22]; b) Trochlear arthrosis model [23]
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1.1.3. The wrist joint

The wrist, Fig.7 (a), 1s a synovial joint of the condylar type. The actual joint consists of
ulna and radius that connect with two carpal bones, the scaphoid and lunate bone. A
cartilaginous disc separates the distal head of the ulna from the lunate and triquetral
bones and the radius. However, the radiocarpal joint and the distal radioulnar joint have
two different joint capsules. The intercarpal joints are gliding joints that contribute little
to wrist motion.

Since it 1s a condyloid articulation, its shape is ellipsoidal, so the wrist allows movements
along the two axes and, in particular, it allows movements in sagittal plane and frontal
plane. The movements that could occur are: flexion, extension, adduction and
abduction [17].

Capitats

Figure 7: Wrist joint: front view [14]; b) Condyloid arthrosis model [15]

1.2. Biomechanical characterization

Proceeding with a biomechanical characterization of the above-mentioned joints, it is
important to define the space in which joint movements are performed. As seen above,
the shoulder, elbow and wrist joints are usually modelled respectively as: ball-and-socket
joint, Fig. 5 (b), hinge joint, Fig.6 (b) and condyloid joint, Fig.7 (b).

From an anatomical point of view, three main planes are observed that are useful to
describe the directions of the movements and these are: frontal, transverse and sagittal,

Fig.8. Abduction and adduction movements occur in the frontal plane, flexion and
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extension movements are performed in the sagittal plane while abduction, adduction,

internal and external rotation occur in the transverse plane [20].

Vil
Frontal Plane
Saggital Plane
Transversal
Y\ Plane
eC M. ’

\

Figure 8: Anatomic coordinate planes [24]

To analyze and characterize the articulations, it 1s essential to identify a corresponding
mechanical joint for each articulation that accurately represents the physiological
movements occurring at the joints under examination. Consequently, it 13 crucial to
associate each joint with its respective Degrees of Freedom (DOFs). Various kinematic
models of the upper limb exist in the literature, differing in complexity, joint
classification, and their mechanical equivalents. Each joint movement has physical limits
that can be described in arcs of motion. If there 1s an articulation malfunctioning the arc
of movement of the joint varies. The amount of movement expressed in degrees that a
joint presents in each of the three planes of space is called Range of Motion (ROM) [24].
The normal and physiological ROM values, according to the Association for the Study
of Osteosynthesis, for each of the joints of interest for this research are listed in Tab.1

with the relative joint movements, that are shown in Fig.9.
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Table 1: ROM of upper limb joints
Articulation Movement Range (°)
Flexion 180°
Extension 50°
Abduction 180°
Shoulder '
Adduction 50°
External Rotation 90°
Internal Rotation 90°
Flexion 140°
Extension 0°-10°
Elbow
Forearm
: . 80°
Pronation/Supination
Flexion 60°
Extension 60°
Wrist Radial Deviation 20°
Ulnar Deviation 30°
Pronation/Supination 90°
Flexi S Extensi Radial Deviation  Ulnar Deviation Pronation Supination
exion N xtension — —
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Figure 9: Upper limb movements [25]
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It 1s important to underline that a correct modelling of the joints 1s essential, since it is
necessary to reproduce the movements that the joints perform as accurately as possible.
Therefore, understanding the movements of the anatomical articulations 1s crucial.
When designing a structure that interacts with the joints and replicates their movements,

proper alignment with the joint axes must be ensured to achieve natural redundancy [3].

1.2.1. Shoulder Joint Center (SJC)

The structure of exoskeletons resembles human arm anatomy, so the technical rotation
axes must be aligned with the human rotational axes. This requirement is easier to fulfill
in the case of simple joint, for example the elbow joint, but is difficult for the complex
one, like the shoulder joint [26].

The shoulder, in fact, has a large ROM and, in addition, its behaviour is given by the
interaction between four anatomical structures: the thorax, the scapula the humerus and
the clavicle [27]. The shoulder consists of two spherical surfaces in contact, and it is
characterized by a combination of large rotations and millimetric translations, due to
the different radii of the contact surfaces [27][28][29]. The degree of complexity for
modelling the shoulder joint depends, of course, on the specific application. In the case,
however, of a structure that must be applied in contact with the human body and in
which it is essential to obtain an alignment with the anatomical axes, modelling the
shoulder as a ball-and-socket joint is too simplifying and could generate misalignments
[26].

To produce arm elevation, the following movements must occur: the rotations of the
humerus around the glenohumeral joint (GH joint), the rotation of the scapula around
the acromioclavicular joint (AC joint) and the rotation of the clavicle around the
sternoclavicular joint (SC joint). As consequence, the CGH-joint changes his position
[26].

In general, it is complex to assess glenohumeral displacements with the majority of
electromagnetic or optoelectronic instruments with skin markers. It is necessary to use
intracortical instruments that, through the combined use of optoelectronic systems, have
enough resolution to measure the entity of the displacements [30].

Many studies have been conducted to evaluate the displacements of the shoulder joint.
Carignan et al. [31], for example, developed an empirical equation to determine the
vertical displacement of the GH joint. Self-adapting device models have also been
developed, for example by Li et al. [32], which can autonomously adapt to the

movement of the GH joint centre.
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Another model was developed by Nef and Riener [26][33], who worked on creating a

general model capable of predicting the movement of the CGH joint (Center of

Glenohumeral Joint), or SJC. For this research, some simplifications have been made:

the individuals with the same body size do have the same CGH-joint movement pattern,

the training does not influence the CGH-joint movement pattern, the subjects do the

movements spontaneous and without conscious control. The aim of this study was to

find the variation of the position, in x and y directions, of the CGH-joint considering

different arm elevation angles (6,), as shown in Fig.10.

Figure 10: Location of the CGH-joint [26]

For evaluating the value of the displacement Nef and Riener, have developed a

mathematical model based upon Eq.1:

(xCGH) _ (—lc cos (@ —90) + I sin(B + a)) h

Yeeu/ ~ \ I, sin (@ — 90) + I;cos (B + @) / hres

In which:

l¢ 1s the length of the clavicle;

ls is the distance between the centre of the acromioclavicular joint and the
glenohumeral joint;
a 1s the angle of the sternoclavicular joint;

p is the angle of the acromioclavicular joint;
h is the body size of the subject;

hyref is the body size from a recent subject.

12
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In the specific case of the research, h..r has been chosen equal to 170 cm and for this

specific value the results of displacement obtained are the ones shown in Fig.11 [33].

mm
p, = 180° A y[mm]
o, = 160° 100
80
fy = 140°
60
h ¢ = 80°
40
- A » ‘i P]. —] 400 20
0
e, =0°
5 b X[mm] 160 -180 200 220

Figure 11: Results of CGH-joint displacement for a subject 170 cm tall [33]

It can be noticed that, while the entity of the Xy displacement is limited, the entity of
the Ycey 18 consistently bigger.
From these results it is therefore possible to understand that the magnitude of the CGH-

joint displacement is relevant in the vertical direction in comparison to the medial one.

1.2.2. Upper Limb schematization

As previously mentioned, the modelling of the other articulations of the upper limb is
certainly easier than modelling the shoulder. In biomechanical modeling of the forearm,
it 1s typically simplified as a single segment, where the wrist and elbow are approximated
as hinge joints, allowing only flexion and extension. If, however, a more detailed
treatment 1s required, that also takes prone supination into account, then it becomes
more complex to construct a model that best reproduces the anatomical reality. One
model, developed by Fick, consists of two L-shaped elements connected by two spherical
joints representing the humeroradial joint and the distal radioulnar joint. However, this
model generates an adduction movement of the hand that is not realistic so, to solve this
limitation, it was proposed to add a translational DOF between radius and ulna, at the

proximal radioulnar joint [34].
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The majority of models propose a schematisation of the upper limb with a number of
DOF between 5 and 7. An example of a 6 DOF scheme is illustrated in Fig.12.

Shoulder
20 flexion
§ extension
Shoulder
internal / =0
external ™~
rotation Shoulder
abduction
. adduction
Upper limb
Elbow
xl .
flexion
zl extension
Forearm
supination v

pronation
~ Forearm

Wrist
flexion

, exlension
z

Figure 12: 6-DOF upper limb model [35]

In this model, the joints have been designed to allow, at the shoulder level, both
internal/external  rotation, whose axis coincides with the x-axis, the
abduction/adduction mechanism, which occurs around the y-axis and, finally, the
flexion/extension movement, with respect to the z-axis. At the elbow level,
flexion/extension is allowed and finally at the wrist level the joint allows both
flexion/extension and pronation/supination of the forearm.

Obviously, in the case of an upper limb exoskeleton, where it 1s essential to consider the
alignment between the axes of the exoskeleton and the anatomical axes, this
schematisation is not sufficiently detailed. In fact, considering what has been said before
about the displacement of the shoulder centre during the arm elevation, 2 more DOF
should be added at the shoulder to model the translations.
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Exoskeletons

2.1.  History of exoskeletons - State of the Art

For the design of an exoskeleton, it is necessary to create a structure that is as biomimetic
as possible. It must therefore seek to replicate the anatomical structures by adapting itself
as best as possible to the field of application in which it has to be used. As shown in
Fig.13, the first idea of exoskeleton date back to the 19th century when Yagn designed
the first system that, connected to the body, should help the user. Specifically, it was an
“apparatus to facilitate walking and running”. The system was composed by springs and
had a unique design to redistribute the energy given by the user while moving. Another
invention was created following Yagn’s principle at the beginning of the 20th century by
Kelle. The structure was smaller respect to the one created by Yagn but, at the same

time, more functionally limited [10].
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Figure 13: Evolution of exoskeletons timeline. Adapted from [10]
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The first real prototype of exoskeleton called Hardiman only appeared in the 1960, Fig.14
(a). The latter was developed for military purposes and was powered by hydraulic
actuators [36].

a) SYSTEM SPECIFICATION
. Size
Height 7"
Uldth (at hips) 5"
Fore & Afe 2"
. Wefght 1500 Lba.
+ Lifc Capabilicy 1500 1bs.
+ Fower 'Rgguxrmta
Hydraulic 25 HP @ 3000 psi
Eleerric 15V D.C. = 3 amp
+ Walking Speed 2.5 ft./sec.
- Reach
Vartical "
orizontal 3"
+ Busber of Joimts
Hand (2 Joiata) Thumb Tip Flex

Thumb Flex

Atn {7 Joints) Weist Flex
Forearn Rotate
Elbow Flex
Upper Arm Rotate
Shoulder Flax
Back Flex
Arw Abduction = Arm Adduction

Leg (4 Joints) e Abduction = Arm Adduction
Hip Flex
¥nee Flox
Ankle Flex

Foor (1 Joinca) #nkle lnversico
Foot Rotata

Total - 15 per side x 2 = 10 Joints

+ TIype of Controls

Hand Hydromechanical Rate Control with

Force Feedback.

Arm Electrohydraulic Bilateral Sarvo
Control. Force Feedback Ratie 25:il.

Leg and Foot Electrohydraulic Unilateral Servo.
Indirect Force Feadback.

Figure 14: (a) Hardiman exoskeleton; (b) System specification

The prototype consisted of two structures, the inner one had to, following human
movement, drive hydraulic actuators to move the outer exoskeleton. The principal utility
of Hardiman was to carry heavy loads [37]. The device was never actually
commercialized but always remained a prototype because the weight and the complexity
were too high. The specifications of the systems are shown in Fig. 14 (b). The biggest
problem with the design of Hardiman was that the hydraulic system required pumps
and bladders that occupied almost a room [16].

The 60s marked a turning point in the exoskeleton development, in fact, since
Hardiman's development, several prototypes have been developed in the last century.
About the new century’s exoskeletons, one of the first one to be commercialised, in 2008,
was HAL (Hybrid Assisted Limb), Fig.15, that was developed at the University of
Tsukuba. It 1s a total body exoskeleton, which aim 1s to assist people with disabilities or
to support people in industrial o sanitary field. This exoskeleton is powered by a 15 kg
battery. The structure detects muscle myoelectrical signals on the skin surface below the
hip and above the knee and these signals are sent to a computer which controls electric
motors applied at the hips and at the knees of the exoskeleton for amplifying the muscle

strength. The exoskeleton also uses potentiometers for measuring the joint angles, force
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sensors for measuring the ground reaction forces and a gyroscope and accelerometer for

measuring the torso angle [38].

Figure 15: HAL exoskeleton

Another innovative exoskeleton that has been commercialized was the one produced by
Kazerooni, which consisted of a manipulator that allows the man to extend his own
force while retaining control of the action by the user. This system, unlike Hardiman,
does not use a master-slave system, in fact, in this case, the user directly transmits the
mechanical power, in addition to the information signals, and no actuators are needed
to reflect the force back to the man. The operator therefore feels less of the load on the
extender, but is still near the structure, whereas with a master-slave system, the operator
could also be in a remote position. The undoubted advantage of Kazerooni's prototype
1s greater fluidity and smoothness of movement [39]. Thus developed one of the earliest
examples of Physical Human—Robot Interaction (pHRI). The evaluation of pHRI is
still one of the most relevant aspects in the design of an exoskeleton.

In particular, the interaction between man and exoskeleton 1s mainly influenced by three
factors: the mechanisms, which are designed considering the anatomy, the actuation and
transmission modes, which must consider compliance/rigidity, and finally the choice of

control method, which 1s also relevant for pHRI [16].

2.2. Upper limb exoskeletons

The development and growth of research in the field of upper limb exoskeletons make

it necessary to carry out a classification with the purpose of analyzing the main
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characteristics that differentiate the various models, an example of classification is

reported in Fig.16.

Military
Clinical
Research
Industrial
Civilian
Other fields

Field of Application

« & & s s .

* Shoulder

* Elbow

Applied Limb segment *  Wrist

* Hand
Finger

Upper Limb

Exoskeletons Electrical Motors

Pneumatic Actuators
Type of Actuation * Hydraulic Actuators
Shape Memory Alloy
Ultrasonic Motors

Gear drives
Cable/Wire drives
Linkages

Belt drives

Power Transmission Method

Serial
Link configuration * Parallel
Hybrid

Figure 16: Classification of exoskeleton robot systems. Adapted from[10] [40].

Also, the number of DOF's can be considered as a partitioning element, since the various
exoskeletons present a different degree of complexity depending on the number of joints
they support; single joint exoskeletons support a single articulation and are therefore
usually simpler and lighter, while multi joint exoskeletons, as the term itself implies,
support multiple articulations and therefore have a greater degree of complexity
together with more advanced and often bulkier structures. The research has shown that
both single and multi-joint exoskeletons have advantages, so the best choice depends on
the specific application.

In the following paragraphs, the two major categories of classification, namely the fields

of application and types of actuations, will be discussed in more detail.

2.2.1.  Fields of Application

The fields of application for upper limb exoskeletons are extremely varied, including
motion-assistance, military, medical rehabilitation, manufacturing. The main purpose

of the exoskeleton depends precisely on the sector in which it will be employed; in
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general, the main control strategies concern assistance, correction and resistance.
Assistance 1s provided when the operator needs support during the performance of a
strenuous action and therefore the exoskeleton must provide the necessary force to
support the operator or even perform the task completely. Correction, on the other hand,
1s mainly provided in rehabilitation, where the exoskeleton recognizes an incorrect
movement executed by the subject and must correct it, so that the patient learns the
correct motion. Resistance, finally, is mainly used if the subject exhibits tremors that
need to be stopped [41].

In the rehabilitation sector, exoskeletons are particularly useful for the treatment of
patients with physical paralysis as a result of stroke or other diseases such as Amyotrophic
Lateral Sclerosis (ALS). An example of an exoskeleton used in rehabilitation 1s the ALEx-
RS (Arm Light Exoskeleton Rehab Station), Fig.17, by Wearable Robotics. It’s a 6-
degree-of-freedom exoskeleton, designed for stroke patients that allows the user a series
of movements of the upper limbs that mimic natural motions thanks to a cable
transmission system. Specifically, the exoskeleton consists of four active sensorised joints
that allow abduction-adduction, flexion-extension, rotation of the shoulder and flexion-
extension of the elbow. There are, also, two passive sensorised joints that allow forearm

prone-supination and wrist flexion-extension.

Figure 17: Alex-RS exoskeleton

It also features biomarkers that allow continuous assessment of movement to track
performance and customise treatment on a patient-specific basis. In addition, it is
possible to set up a ‘mirror’ operation by which the paralyzed limb can copy the
movements of the healthy imb [42]. In particular, the usefulness of Alex-RS was tested
through a study conducted on 18 healthy patients and it was seen that the use of the

exoskeleton increased the individuals' proprioception, where proprioception refers to the
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awareness of the positions of the body segments and their respective movements in the
surrounding space. From the results of the performed study, in fact, it was observed how
the exoskeleton in question, and, in general, how the use of exoskeletons, can in some
way help in the understanding and evaluating the proprioception of deficits, which in a
clinical context, and particularly in rehabilitation, is certainly fundamental [43].

In the industrial context, exoskeletons usually aim to help the worker and thus limit
Work-Related Musculoskeletal Disorders. For this reason, exoskeletons in the industrial
context are aimed to support the stooped working postures, the static holding of a load
and the dynamic lifting (or lowering) of a weight. Despite the growing interest in
exoskeletons over the last few decades, large-scale implementation in industry is still far
off because many are, even, on an experimental basis and thus prototypes in some cases
have not yet been introduced to the market.

To the above, it must be added that, especially in an industrial context, the introduction
of exoskeletons implies safety standards to be followed so that the worker 1s not exposed
to risk. Despite this, even today, there are no international safety standards for the
industrial application of exoskeletons, unlike those used for personal care which are
regulated by the ISO13482 standard, and this represents a significant obstacle to their
adoption [44].

An example of upper limb exoskeleton that has been designed for the industrial sector 13
the AGADEXO Shoulder, Fig.18. This exoskeleton is aimed at reducing worker fatigue
during work phases. It can lift up to 10 kg, making it an important aid for the worker
and a valuable ally in preventing musculoskeletal disorders. In particular, its technology
1s specifically promising since it has intelligent sensors that activate the device when its

help is needed, thereby also reducing energy consumption [45].

Figure 18: AGADEXO Shoulder
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2.2.2. Type of Actuation

A fundamental characteristic for classifying exoskeletons relates to the different types of
actuation systems. Specifically, two major categories can be defined, which are active
and passive exoskeletons. An active exoskeleton uses one or more actuators that augment
the human’s power and help in actuating the human joints. A strictly passive system does
not use any type of actuator, but rather uses materials, springs or dampers with the
ability to store energy harvested by human motion and to use this as required to support
a posture or a motion [44]. A more accurate subdivision can be made into four different
types of actuations: electric, hydraulic, pneumatic and other types of actuations.

When designing an exoskeleton, choosing the most suitable actuation system 1s
important because there are so many variables to consider, including: power/mass ratio,
power/volume ratio, stress, strain, steady-state efliciency, power consumption,
bandwidth, auxiliary transmission system, auxiliary power supply equipment, and ease
control procedures [46].

As can be seen in Fig. 19, most of the devices currently in use employ an electric motor
as actuation. This 1s because they undoubtedly have advantages such as fast operation
through the using of high-speed motors, high precision and great controllability. The
1deal characteristics an actuator should have, for the context of use in an exoskeleton,
are: reduced weight, high operating bandwidth, production of precise movements and

providing a high amount of torque [3].

20%

72%

Electric actuation ® Hydraulic actuation

Pneumatic actuation m Other types of actuation

Figure 19: Usage of actuation method for upper limb exoskeleton systems. Adapted from [40].
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Hydraulic actuators utilize pressurized fluid to transmit power to a joint, offering
significant potential due to their ability to generate higher mechanical torque compared
to electric and pneumatic actuators. However, they also present several drawbacks, such
as the complexity of maintenance, needed to prevent leaks. Additionally, hydraulic
systems require substantial space because of the need for a complex apparatus, including
compressors and cooling systems, as well as the accommodation of pipes and oil lines.
Moreover, these systems tend to be heavy and produce considerable noise [3], [46], [47].
Pneumatic actuators use pressurised air to produce an output force. For their supply,
either special compressors or compressed air containers are required. Compared to
hydraulic actuators, pneumatic ones are lighter and cheaper. In addition, they offer a
clean, non-flammable alternative actuating device. Some of their main advantages,
compared to electric actuators, are their smaller size and their lower impedances due to
their inherent compliance, which softens the applied force and thus makes this type of
actuator excellent for the rehabilitation field [48]. However, the biggest drawbacks are
their limited precision and accuracy, but, the most important disadvantage, 1s that the
operational bandwidth is relatively low (5 Hz) which limit the rate at which they can
respond to command signals [3].

Since the presence of a flexible component 1s therefore a positive aspect for the
exoskeleton, flexible joints have also been designed to lower the impedance of the
structure and, also, improve the pHRI. These flexible joints can be either fixed
compliance, called SEA (Series Elastic Actuators), or variable compliance.

SEAs reduce inertia and interface with the user to provide precise and stable force
control, thereby improving the safety of the subject, but at the same time present the risk
of generating unexpected reaction forces due to the release of elastic energy.
Furthermore, some studies show that, due to the constant stiffness, the energy efliciency
of the robotic device is generally low and can only be improved when the behaviour of
the trajectory of the robotic joint matches the natural frequency of the system.

In order to overcome these limitations, in recent years, fixed compliance joints with non-
linear behaviour have been developed, which allow for greater autonomy in the choice
of parameters and can therefore be best adapted to specific conditions [47], [49]. In
Tab.2 are schematized the features of the three most common actuation systems and,
also, their advantages and disadvantages. With regard to the other types of actuations
they include shape memory alloy, that use the property of nickel-titanium alloy to
change shape in response to temperature, or piezoelectric motors.

Piezoelectric materials are not widely used because they are difficult to produce and

rather expensive [46]. In an attempt to combine the advantages of active and passive
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exoskeletons, new hybrid exoskeletons have therefore recently been developed which
feature actuation technologies that combine active and passive elements.

For example, the above-mentioned AGADEXO shoulder 1s an example of a hybrid
exoskeleton, in fact, it uses an elastic mechanism, as passive component, and an electric
motor, as active component, which optimizes the device's energy consumption. At the

same time, 1t aims to improve on the problems of active exoskeletons in terms of cost

and weight.

Table 2: Features of most common actuation systems [46]
Electric Pneumatic Hydraulic
motors actuators actuators

Power to ~1/10 Between
h hydraulics hydraulic and Excellent
Weight . ]
ratio electric
Power to ~1/5 Between
hydraulics hydraulic and Excellent
Volume . ;
ratio electric
Load Holding Puwer No power No power
required required required
High
. ' ~1/5 hydraulics | performances
Bandwidth Very high ratio in the 50 to
100 Hz
. Compressor
Compressor
and
Power supply and
; accumulators
& Power Batteries accumulators — i
: h - very high
consumption high power ower
consumption P !
consumption
To transmit To transmit
Auxiliary Transmission power a wide power a wide
system needed wiring is wiring is
needed needed
Noise Silent Noisy Noisy
Maintenance Un-necessary Frequent Frequent
Indoor-supply | Indoor-supply
system can be | system can be
Indoor/ external external
Environment Outdoor - Outdoor -
outdoor
supply system | supply system
has to be has to be
carried carried
Rehabilitation | Rehabilitation | Rehabilitation
Use and power and power and power
augmentation augmentation augmentation
2.2.3.  Passive Exoskeletons

Passive exoskeletons base their functioning into the storing of human kinetic energy to
transform it in mechanical energy. Later the mechanical energy will be converted back
into kinetic energy for assisting the wearer [50]. Passive exoskeletons have the
advantages of being much lighter than active exoskeletons as they do not need an
actuator and, furthermore, are more flexible and have the possibility to work in remote
locations for long hours. At the same time, however, they present the big disadvantage

that their support to the human worker 1s limited as the required energy 1s harvested
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through human muscles at different times. In last decades the diffusion of passive
exoskeleton has particularly increased due to their ability to support various industries
where workers are required to perform tasks with their upper limbs, such as production
lines, masonry, carpentry, and fruit or vegetable harvesting. Passive shoulder
exoskeletons, in particular, are frequently designed to assist with overhead tasks by
compensating for gravitational forces [51]. The typical structure of a passive exoskeleton
1s made of a rigid frame, usually aluminum or carbon fiber and a passive element like
an elastic fabric material or a spring damper system that has the role of providing the
assistive force [51].
Another advantage that makes the use of passive exoskeletons easier than the use of
active exoskeletons 1s linked to the maintenance. This aspect has not been particularly
investigated in literature but since passive exoskeletons use simple mechanical elements
certainly have more advantages than active ones.
Due to the many advantages previously mentioned passive upper arm exoskeletons have
often been tested in industrial environment, and it has been observed that their use 1s
linked to a potential efficiency [52]. Particularly, the research conducted by Hyun et al.,
[53], has highlighted the requirements for an upper exoskeleton in industrial field that
are:
- to allow a range of movement of the upper arm as large as possible to not
impeding the worker’s shoulder range of motion;
- to not use an external power source so as to design a passive upper arm
exoskeleton since it 1s difficult to manage regular battery replacement;
- to choose light materials so as the device not to be burdensome for workers’
bodies

- to guarantee endurance, robustness and maintainability for long term usage.

Following these requirements Hyun et al. developed a passive upper limb exoskeleton,
Hyundai Vest Exoskeleton (H-VEX), which functioning is linked to a multi-linkage
based spring-energy dissipation mechanism, shown in Fig. 20. This mechanism allows
the generation of an assistive torque dissipated by spring-energy according to the
elevation angle of the exoskeletal upper arm. The spring energy is generated during arm
lowering, involving an increase of Ls, while 1s dissipated during arm elevating which
involves a decreasing of L.

In this way, when the upper limb is in a resting position there is no assistive torque, but
when the user has to flex the shoulder and thus raise the arm, the support torque is

increased. If, on the other hand, the user has to extend the shoulder and thus lower the
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limb, the support torque decreases because the user will be facilitated in performing the

operation by the gravitational torque [53].
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Figure 20: H-VEX functioning mechanism [53]

The H-VEX can be worn like a backpack since it presents shoulder and waist strip and,
also, the weight 1s equal to 2.5kg that 1s way lower in comparison with other products

developed for similar purposes [53].

2.3.  Pneumatic Artificial Muscles

As mentioned earlier, pneumatic actuators are an important resource due to their low
weight and high compliance characteristics. This makes them excellent candidates for
use 1n industry. In particular, their high compliance permits smooth movements, unlike
other types of actuators, since their compliance can be easily controlled by modulating
the operating pressure.

All these characteristics make them perfectly suitable for use in the field of exoskeletons,
because they facilitate human-machine interactions. The types of pneumatic actuators
are disparate including cylinders, bellows, pneumatic motors and also Pneumatic
Artificial Muscles (PAMs). The latter have an inverse function to the more classic bellows
in that, unlike the former, they tend to contract when inflated. In particular, the force
they exert depends not only on the pressures but also on the inflated state they are in,
hence their behavior is similar to the one of springs. They have a very low weight due to

the fact that the external structure is made of a membrane, but despite this they still
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manage to produce the same energy as a cylinder since they operate at the same
pressures and volumes [54].

The first prototype of artificial muscles dates back to 1930, the year in which Garasiev,
a Russian inventor, first proposed fluidic artificial muscles whose operation was based
on various liquid-based actuators. They had elastic behaviour but used a liquid and not
a gas because 1t was easier to control since it was incompressible and had less hysteresis
than simple compressed air. Instead, the most widely used artificial pneumatic muscle
models currently in use, which exploit McKibben's model, were developed around
twenty years later [55]. In 1950s, the American physicist J.L.. McKibben developed the
first artificial pneumatic muscle used in orthotic appliances for polio patients. They are
made of a long tube of synthetic or natural rubber that is wrapped in an artificial net,
such as Kevlar, which can be angled at various predetermined angles. The rubber
coating surrounds the fibers and protects them, and, in addition, the two ends are
secured with metal fittings that allow the transfer of mechanical power to the load. In
fact, the PAM when pressurised to predetermined pressure levels, converts pneumatic
power into a traction force. This occurs because when compressed air is insufflated
inside the PAM it tends to expand radially, with a consequent axial contraction, resulting
in a decrease in length, while when the air 1s forced out of the tube it behaves elastically
and regains its original shape. The schematization of the phases of functioning is shown
in Fig.21. The forces generated by this type of actuator are not linear with respect to

contraction (stroke) and motions are unidirectional [54], [56].
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Figure 21: Schematisation of the components of a McKibben muscle [54]

PAMs are used 1n applications in which they have to mimic the behaviour of muscles,
as they exhibit linear contractile behaviour with a monotonically decreasing load-

contraction relationship, a feature that is also common in most skeletal muscles.

26



Chapter 2 Exoskeletons

Furthermore, both have to be set up antagonistically in order to get bidirectional motion
and both are able to control joint compliance. Nevertheless there are many differences
between PAM and skeletal muscle in fact these latter do not change volume during
contraction, have modular structure because are made of microscopic contractile
systems, are organized in units whose activation depends on the level of external load,
come 1n fast and slow types depending on the need of sustained action and speed, have
integrated multiple force and strain sensors, have energy stored in them and running

through them that can serve as energy source [54].

2.3.1. PAM models

As shown in Fig.22, there are several PAM models that differ in geometry or fiber
orientation but are characterized by similar basic functioning.

The McKibben Muscle or Braided Muscle, Fig.22 (a), are cylindrical and the fibers are
orientated helically around the longitudinal axis of the muscle with respect to a 8 angle
(which can be either +6 or - 8) called the pitch angle or braid angle or weave angle.
When pressurized the tube presses laterally against the sleeve. Thereby the internal
pressure 1s balanced by braid fiber tension due to fiber curvature about the tube. Fiber
tension is integrated at the braid's end points to balance an external load. Therefore, it
1s necessary that there 1s a pressure connection between inner tube and braided sleeving,
and, for this reason, they cannot be used in under pressure because otherwise it would

not be possible to transfer a sufficient amount of work to the terminals [54].

(a) (b) (c) (d) (e)
Figure 22: Various types of PAMs: (a) McKibben Muscle/Braided Muscle, (b) Pleated Muscle, (c)
Yarlott Netted Muscle, (d) ROMAC Muscle and (e) Paynter Hyperboloid Muscle [56]

The value of the pitch angle modifies the volume of the McKibben muscle following

the relation:
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3

V= 4;5\]2 cosBsin?0 2

Where:
- Ls s the length of each strand

- N is the number of encirclements the braid makes around the tube

The maximum volume is obtained when the value of the angle 1s 54.7°, over this value
the muscle shell is not stable since it would buckle. When the muscle stretches the angle
decreases to a lower limit, which 1s determined by fiber thickness, the amount or density
of fibers, the number of encirclements and the diameter of the end fittings. The value of
the developed tension 1s also influenced by the friction generated between the strands
and the sheath and between the strands themselves and, also, by the internal
deformation of the tube. In particular, both friction and non-elastic deformation
determine both a hysteresis in the force curve and the occurrence of a threshold pressure
that must be exceeded for the diaphragm to deform [54]. The latter represent the two
major disadvantages of the McKibben muscle, in addition to the fact that the behaviour
of the muscle shows variations when it is at high or low temperatures [57].

The Pleated Muscle, Fig.22 (b), has a pleated membrane in the axial direction and, when
it expands, it unfolds these pleats, so it produces no frictional force and therefore little
energy 18 needed to expand the membrane [54].

The Yarlott Netted Muscle, Fig.22 (c), unlike braided muscle, has larger holes, and for
this reason if the membrane 1s stretchable, it will only be able to withstand low pressure
levels. For this, a retractor-type membrane 1s usually used [54].

The ROMAC Muscle (Robotic ACtuator Muscle), Fig.22 (d), consists of a polylobed
bladder harnessed by a wire netting and closed at either ends by fitting. The bladder is
made of a sheath, that 1s characterized by its high tensile stiffness, its flexibility and its
fluid-tightness. The netting or harness 1s comprised of non- stretchable flexible tension
links, which are joined at nodes so as to form four-sided diamond shaped apertures in
the network. It shows less hysteresis and a little threshold pressure, compared to the
braided ones, due to the absence of friction and the thin membrane [54].

The Paynter Hyperboloid Muscle, Fig.22 (e), 1s made of a membrane that, when is in its
fully elongated state, has the shape of a hyperboloid of revolution. The elastomeric
membrane 1s embedded by a sleeve of inextensible, flexible threads that are anchored to
the end fittings. With the actuator at its longest, these threads run in straight lines from
end to end, thus defining the hyperboloid surface. The muscle can be powered both
pneumatically and hydraulically [54].
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2.3.2. PAM Applications

The sector in which PAMs are mostly used is the robotic field, due to their similarity to
the behaviour of muscles. Thanks to their use, it has been possible to recreate biologically
inspired robots that mimic the morphology and physiology of humans and animals.

An example of these robots is the Shadow Biped Walker, a humanoid robot that uses
twenty-eight PAMs, or Airic's robotic arm, developed by Festo AG & Co. The latter uses
thirty PAMs to recreate the behaviour of muscles and bones using piezoelectric valves
[56]. Another area in which PAMSs have great application 1s the medical field, both for
the rehabilitation therapy of patients suffering from degenerative muscle diseases and
for neurological injuries that impair movement capabilities. For example, they have
been used for robotic motion-support orthoses by exploiting the operation of PAMs
through antagonistic pairs. And finally, their operation 1s also exploited in the industrial
sector due to their ease of installation and can be used, for example, to drive industrial

machinery[56].
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Analysis of the exoskeleton prototype

The exoskeleton under consideration, Fig.23, is a passive upper limb exoskeleton that is
designed for industrial use, so its main function is to allow the user to hold the arms in
an overhead position, in presence or absence of tools in the hand, without straining the
shoulder joint and reducing the muscular load to a level that avoids the occurrence of
WMSDs. In particular, the exoskeleton implements two PAMs whose role is to generate
a torque, called support torque, which must compensate, as much as possible, for the

gravitational torque acting on the shoulder joint.

11. Shoulder
6. Clamp

connection

3. Transversal
telescopic system

2, Exo-arm’s strut

9, Cable system

1. Longitudinal
telescopic system

8. McKibben Muscles

4. Harness

5. Screwed exo-
harness connection

10. U-shaped
sheats

Figure 23: Exoskeleton structure
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The prototype allows a shoulder flexion angle between 70° and 135°, as the angle is
limited by a mechanical limit switch, while the abduction angle is limited to 30°. The
total weight of the structure 1s approximately 5.5 kg.

The structure, shown in Fig.23, can be adjusted according to the height of the user, since
in the back frame there are two telescopic tubes, (1), which allow the length regulation
in the longitudinal direction. The prototype can be used by individuals between 160 cm
and 175 cm tall, since the adjustable range of the longitudinal telescopic system 1is
between 460 mm and 500 mm.

Similarly, thanks to a screw system, the useful length of the exoskeleton arm’s strut, (2),
can be also varied. In particular, the useful length of the exo arm can be modified
between 180 mm and 260 mm.

Finally, there 1s the possibility of adjustment of the prototype in accordance with the
distance between the shoulders, the biacromial distance, of the user. Thanks to a square
telescopic bar, (3), the distance between the two shoulder pads can be varied so that the
transversal distance can be changed from 370 mm to 410 mm.

A commercial harness (4), specifically the Portwest FP14, is used to anchor the
exoskeleton structure to the user. The harness 1s equipped with a waist belt to which the
rear part of the structure is screwed, (5), while the upper part of the harness 1s connected
by a clamp, (6), which is inserted into a specific slot in the back frame.

Another particularly relevant point of interface between the user and the exoskeleton 1s
the bracelet, (7). This one connects to the arm at the distal part of the humerus, 1.e. just
above the elbow joint, and thus supports, when the prototype is in operation, the user's
limb, and eventually the presence of a working tool.

The functionality of the exoskeleton is based on two PAMs, specifically two McKibben
muscles, (8), which support the user during the functioning thanks to a cable system, (9),
which acts as a transmission system, as it connects the lower extremity of each PAM to
the bracelet. The cable is guided as it passes through a sheath, (10), and then arrives to
the shoulder pad, (11), and then 1s fixed onto the bracelet.

In the following paragraphs, the main components of the exoskeleton are described in
more detail and are categorized according to the main sections: the back frame, the

shoulder pad and the exo arm.
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3.1. The Back Frame

The back frame, Fig. 24, represents the most crucial part for operational effectiveness
of the prototype. In fact, we can identify the PAMs which are the focal point of the
operation of the structure, but also two of the adjustment mechanisms that allow the

prototype to adapt according to the anthropometric characteristics of the user.

Figure 24: Back Frame

Beginning with the PAMs, they are, specifically, two MKMs manufactured by FESTO
S.p.-A (DMSP-10-350N-RM-CM), which have a nominal length of 350 mm. They are
connected to the back frame in the upper part, by means of an L-shaped plate, while at
the bottom they are not constrained since are connected to two cables (Braided climax
- 200daN, OCKERT, Germany). These two cables are directed towards the fixed
passing points on the lower part of the frame and then run upwards via two high-density
polyethylene-coated steel sheaths.

The other key elements of the back frame are the devices that allow the back frame to
be adjusted. T'wo telescopic bars, Fig.25 (a), with a circular cross-section, allow the length
of the frame to be adjusted by means of screws that can be inserted into different

predefined cavities to adapt to different user heights. They are connected to the frame
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by means of two round tube end caps (NDL.T-20x1-1.5-M8 and NDL.T-25x1-1.5-2-
M8, ELESA, Italy) and two articulated fork mounts equipped with flat eye terminals at
both the top and bottom. These are connected, in the lower part, to a bar which acts as
connecting element to the harness since it is screwed onto the belt.

The other adjustment system, instead, consists of a square-section telescopic rod, Fig. 25
(b). The latter allows the distance between the two shoulder pads to be adjusted
according to the user's biacromial distance. Operation is based on the sliding of two
square bars, which are fixed by two pins each that are inserted into the appropriate holes.
Each square telescopic rod is then connected to an angle joint that represents the
connecting element between the back frame and the exo arm. In fact, in the angle joint
are mserted both the inner bar of the telescopic system for the setting of the biacromial

distance and also the bar of the exo arm, that will be described in the next paragraph.

,L i

Figure 25: Back frame regulating elements: a) section and full view of the telescopic bars for setting the
longitudinal length of the prototype; b) section view of the telescopic bar for setting the biacromial

distance.

3.2.  The Exoskeleton Arm

The second relevant compartment of the prototype is the exo-arm, Fig.26. Proceeding
from the back frame towards the bracelet, firstly there is a bar which is inserted at one
end into the previously mentioned angular joint, while, at the other end, it is inserted
into a rectangular joint that represents the connecting element. The rectangular joint,
in fact, connects three main components, namely, the bar, mentioned earlier, the

shoulder pad and a pin.
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Figure 26: Exoskeleton arm

In the rectangular joint there are various connectors, shown in Fig.27, such as: two M4
countersunk screws, (1,2), which connect the shoulder pad to the joint, a further M4
countersunk screw, (3), which holds the pieces of the joint together, an M3 screw, (4),
into which the bar is inserted and, finally, an M 10 pin, (5), which 1s connected to another

joint into which the strut will be inserted.

Figure 27: The connecting joint
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In particular, the connection between the rod and the joint, Fig. 27 (4), is crucial as the
rod has a circular hole that fits into a bushing and thus allows the abduction and
adduction movements of the shoulder. As can be seen in the figure, there is also a notch
in the joint that limits the ROM of the exo-arm.

Pursuing the analysis of the exo-arm the M10 pin 1s inserted into an additional joint,

Fig.28, that connects also with the strut.

Figure 28: Section view of the joint and the PLA insert

This joint consists of two metal plates that are separated by a PLA insert that has been
specifically designed to allow flexion-extension movement and act as a mechanical stop,
in fact, it limits the shoulder abduction to 30°. The strut has a circular end, that 1s
positioned at the interface with the PLA insert to allow the abduction movement. The
strut and the other elements in the joint are secured by using six M4 bolts. The
importance of the specific alignments of these two joints will be discussed in more detail
in section 3.4.

The strut, Fig.29, 1s the last adjustment element and it consists of an aluminum rod on
which the PLA cuff is hinged and whose position can be adjusted by means of two M4
screws that fit into specific holes inside the bar. The position of the cuff can be modified
to suit the user's specific anthropometric measurements. The upper part of the cuft also

has a hole into which 1s inserted the cable, which 1s the transmission element for the
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force generated by the PAMs. The cable insert allows the cable to remain aligned with

the user's arm to prevent misalignment.

Figure 29: Strut and regulation system

3.3.  The Shoulder Pad

The shoulder pad represents a fundamental element for the functioning of the prototype
because it is the element on which the cable, that connects each PAM to its respective
cufl] rests. For this reason, in fact, it is essential to design the profile of the shoulder pad
so that it properly directs the forces involved. The profile of the shoulder pad must also
be modelled so that it does not impact the user's shoulder as this would generate
discomfort. Another fundamental characteristic that the shoulder pad must respect is to
be above the SJC, as otherwise the cable would also be below the SJC and this would
generate a torque, leading to a forced abduction of the user's limb. The shoulder pad
must also be centered with respect to the SJC so as not to generate unwanted forces or

misalignments and to allow a proper alignment for producing natural redundancy.

3.3.1. Shoulder Pad profile

To comply with all the previously mentioned characteristics, a graphical method was
chosen as the method for designing the shoulder pad profile. Designed with a
progressively larger radius, the profile achieves the necessity of increasing the PAM

pulling force when the angle of elevation of the arm increases and, also, to allow the
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equilibrium between the torque due to the gravity and the torque generated by the
PAMs.
In Fig.30 there 1s a schematization of the shoulder pad’s quantities involved:

- 1 18 the lever arm of the tension force F, with respect to the shoulder joint;

- bis the distance between the position of the attachment point of the wire onto

the bracelet and the final point of the shoulder pad, called Z;
- T 1is the tangency point of the wire onto the shoulder pad;
- 0, 1s the elevation angle of the upper arm;

- co1s the distance between the bracelet and the shoulder joint.

bracelet

PAM
PAM

Figure 30: Shoulder pad functioning scheme

Specifically, an initial value of the shoulder pad radius, that is the radius at which the
arm 1s flexed at an angle equal to 90°, was therefore set. With the aim of ensuring that
the profile of the shoulder pad does not impact the user's shoulder, a minimum threshold
was set equal to the distance between the SJC and the acromion, since the acromion is
the bone that forms the peak of the human complex shoulder. The distance of the
acromion with respect to the shoulder joint was obtained from literature [58], and is
equal to 0.0345 m. In addition, however, it is also necessary that the shoulder pad does
not exceed the position of the eyes in relation to the shoulder, therefore, it was necessary
to take this specification into account when choosing the maximum initial value of the
shoulder pad radius. Based on this specification, ri=0.045m was set as the initial value.

On the other hand, regarding the choice of the final radius value i.e., the value of the
radius of the profile when the arm 1s at its final position, meaning at an angle of 135°, it
was fixed that the values of rr should be between 0.065m and 0.075m since exceeding
this range risked producing a profile that was too bulky for the shoulder pad. After
determining the value of 1, the value of rr was chosen by interaction so as to maintain

the final output torque as high as possible. The value of rr equal to 0.07 shown the best
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results as it gives the lowest RMS (Root Mean Square) value between the gravitational
and the support torque.

Therefore, once the values of r; and rr were fixed, the profile of the shoulder pad was
obtained graphically. Data were interpolated with circular interpolation so as to obtain
the perfect curvature that would allow tangency with the cable. The coordinates of the
tangency points, the contraction values of the MKMs, and the lever arms at the initial,
final, and two intermediate positions were also obtained from CAD to finally interpolate
with a fourth-degree polynomial.

The final profile of the shoulder pad 1s shown in Fig.31.

I —

Figure 31: Shoulder pad profile

3.3.2. Shoulder Pad mechanism

The shoulder pad transmission mechanism has been chosen since it has shown the most
promising results. Other mechanisms have been analyzed including a pulley-based
transmission and a cam-based transmission.

The parameter that was evaluated to choose the most promising transmission method

was the root mean square value (E) expressed by the following equation:

— [L.yN _ 2
E= \/ﬁ Zi:l(MMKM(gl) Mg(gl)) (3>
In the previous equation, the terms that figure are:
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- Mg represents the gravitational torque
- Mwmxkwum represents the support torque

- N is the number of samples.

In particular, the criterion used for the choice was to minimize E, since more the assistive
torque equals the gravitational torque, the less effort the user has to make. The
mechanisms that were evaluated for the choice of the most promising system were tested
both in the weightless condition and in the condition in which the operator 1s holding a
weight of 1 or 2 kg in the hand. To evaluate the shoulder pad mechanism, different levels
of pressure, initial contraction ratio and McKibben muscle length were tested in order
to find the best combination that would minimize the root mean square value between
gravitational torque and support torque. The values that were seen to provide the best
performance were 2% for the contraction ratio and 35 cm for the length of the
McKibben muscle. Finally, by adjusting the pressure levels according to the weight
applied on the operator's hand, low E levels were obtained.

The results of the analyses carried out with the three different transmission mechanisms
show that the mechanism using the shoulder pad allows it to adapt its functioning during
the working period by adjusting the feed pressure. By contrast, this is not possible in the
case of the cam or pulley-based transmission, which, on the other hand, worsen their
behaviour when the gravitational torque increases. Furthermore, the exoskeleton
structure using the shoulder pad as the transmission method is less bulky. Although it 1s
not the best mechanism from the point of view of working range, however, for the
reasons mentioned above, it turned out to be the most promising mechanism among

those examined and, for this reason, it was chosen as transmission mechanism.

3.4. 'The Kinematic chain

The exoskeleton is composed of a kinematic chain with 2 DOFs since it allows the
shoulder’s movements of abduction and flexion-extension. This type of kinematic chain
1s favorable from the point of view of bulk and simplicity, but at the same time the
problem of misalignment remains. To limit the problem of misalignments it’s necessary
to obtain the alignment between the SJC and the ExqJC, 1.e. the joint center of the
exoskeleton.

It 1s therefore necessary that when the exoskeleton is put on and the shoulder is flexed
at 90°, the two centers coincide. The difficulty with the need for this alignment is linked

to the fact that SJC moves, as discussed in section 1.2.1, while ExqJC remains fixed. In
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fact, when the user raises his arm then the SJC rises but ExoJC does not, this results in
the bracelet moving along the subject's arm and this cause the generation of shear
stresses between the bracelet and the user’s arm. Moreover, it is not perfectly known the
exact position of the shoulder joint center. T'o understand the reach of the shear stress
and the approximations linked to the not perfect match between the SJC and the ExqJC
it has been evaluated the consequences of the misalignment. It was achieved that in most
working conditions the support torque 1s higher than 50% and the shear force does not
reach excessive values.

The two joints described previously, in section 3.2, are fundamental since they must
comply with the requirements of the exoskeleton. They represent a vertical and a
horizontal hinge joint and, to function effectively, they must be arranged into a specific
configuration where the two rotational axes are orthogonal to each other when the
shoulder flexion 1s equal to 90°, Fig.32.

Additionally, they should be aligned as closely as possible with the anatomical axes of
the shoulder to ensure accurate and natural movement, minimizing strain on the joint

structure and optimizing biomechanical efficiency.

_l:._.m\rr.\':d axis

Figure 32: Joint axes
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3.5. Materials

The shoulder pad, the bracelet and the two inserts placed into the connecting joints of
each exo arm were obtained through 3D printing and are made of PLA. Most of the
other parts of the exoskeleton are made of aluminum (EN AW-6060 16), 1.e. the strut of
the exo arm of the telescopic bars and the upper part of the back frame. The rest of the
components are made of stainless steel (AISI 304 X5CrNil8-10), 1.e. the fork supports
in the back frame, the inner rods of the transverse telescopic system, the metallic surfaces
of the horizontal hinge joint.

The choice of the best material to use for each component was made taking into account
the mechanical properties required for each component. For example, steel was chosen
over aluminum for parts that are subject to greater stress and therefore require greater
strength. On the other hand, aluminum is preferred for parts that are not subjected to

excessive stress, as it has the great advantage of being lighter than steel.

3.6. Exoskeleton functioning

As mentioned above, the prototype’s functioning is based on two PAMs, each with a
cable at its lower end. These two cables are directed towards the lower part of the frame
and then ascend via two high density polyethylene coated steel sheaths which direct the
cable towards the upper part of the exoskeleton and bring it up to the shoulder pad. The
cable is then inserted into a groove in the shoulder pad, which changes the direction of
the cable so that it runs parallel to the wearer's limb. From there, the cable passes
through a special wire tensioner that allows both the length of the cable to be adjusted,
based on the anthropometric measurements of the subject's limb, and also the tensioning
of the cable itself.

Before the subject can, actually, wear the exoskeleton, it must be adjusted based on the
subject's height, subacromial distance and arm length. at this point it is then possible to
put on the exoskeleton by fastening the harness correctly. When the exoskeleton is worn,
it 1s necessary to verify the correct reciprocal positioning between the exoskeleton and
the subject so that, either no misalignment is created that would hinder the proper
functioning of the structure, or that no errors are produced that could hinder its safety.
Indeed, it is important to check that when the shoulder is flexed at 90° the ExoJC 1s
almost aligned with the SJC.

The MKMs are then pressurized, causing them to replicate the functioning described in

the previous chapter. As a result, the muscles increase their transverse dimension and
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shorten. Since they are connected to the frame at the top through a fixed attachment,
their contraction pulls the cable to which they are connected at the bottom. The cable,
therefore, having been tensioned by means of the cable tensioner and being subjected to
traction, will produce a torque that will be exerted at the level of the exoskeleton arm

that will counteract the gravitational force.

3.7. Limitations of the Prototype

The results of the prototype were seen to be promising in the test phase, but despite this,
there were some components that showed the need for improvement or modification of
some parts of the structure that can made the prototype more efficient and functional.

These most significant limitations of the prototype include:

- the need to make the structure's adjustment systems simpler and faster so that it would
be easier to modify the reciprocal distances based on the user's anthropometric

measurements;

- the anchoring systems of the structure, including the harness, requiring a solution that

1s simpler, lighter, and easier to wear than the current design;

- the PAM pressurization system that does not allow the user to pressurize the PAMs

individually;

- the disengagement mechanism for the artificial muscles and the wire length adjustment

system, ensuring that the user can easily lower their arms when below 90°.

- the necessity of reducing the overall weight of the structure.
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The pressurization system

As above mentioned, the pressurization system of the actual prototype has shown some
limitations linked to the impossibility for the user to pressurize, himself, the pneumatic
artificial muscles. This 1s due to the fact that the PAMs are placed in the back frame of
the structure and therefore the valves, that allow pressurizations of the muscles, are not
accessible by the user himself. This problem is especially evident in the case where, after
wearing the frame, the user has to pressurize the PAMs, or in the case where some
leakage occurs in the system due, for example, to the valve not being screwed in correctly,
and it 1s therefore necessary to re-pressurize, in order to return to the required pressure
level and also in the case in which the pressure level has to be changed to modulate the
action level according to the working task requirements. Hence the need to find a way
to allow the user greater autonomy in pressurizing the artificial muscle. However, before
evaluating the insertion of a pneumatic circuit that can solve the current limitation of
the exoskeleton, it 1s important to know how the PAM works, and therefore to evaluate

mathematical models that can predict the artificial muscle's behaviour.

4.1. PAM mathematical schematization

Several models have been developed to describe the functioning of PAMs based mainly
on geometry, to characterise the static performance of the muscle. The models are used
to find the static characteristic of the PAM, 1.e. the relation between the muscle force F
and the muscle contraction, under the effect of a constant muscle pressure, neglecting

the time factor.
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4.1.1. Chou and Hannford model

In particular, one of the most widely used 1s the Chou and Hannford model [59], which
can be applied under the assumptions of:
- cylindrical actuator
- threads in the sheath are inextensible and always in contact with the outside
diameter of the latex bladder
- frictional forces between the tubing and the sheath and between the fibres of the
sheath are negligible

- latex tubing forces are negligible.

Under these conditions, the PAM can be modelled as in Fig. 33, where:
- L1s the length of the cylinder;

- b 1s the thread length;

- D 1s the diameter;

- n1s the number of threads turns;

- @1s defined as the angle of the threads with the longitudinal axis.

| turn 0

a

ntms

— >
D nxD

Figure 33: PAM schematization [56]

The resultant force equation that is derived through this model is given by the following

equation:
F = P'b?(3cos?(q — 1))(4pn?) 4)

in which P’ 1s the gauge relative pressure [56].
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4.1.2. Tondu and Lopez model

Another widely used geometrical model for PAM is the one of Tondu and Lopez [60],
that simplifies PAM model considering a geometrical description similar to the one of
Chou and Hannford, assuming inextensibility of the mesh material, and considering
angle changes during the alteration of the PAM’s length.

Starting from these assumptions the following mathematical modeling approach can be

derived, based on the theorem of virtual work:

F(e,P) = nré - Pla(1 — €)% — b] (5)

Where:
- lis the length of the muscle;
- Pis the pressure;
- 7T, 1s the nominal inner radius;
- 0y is the initial angle between the membrane fibers and the muscle axis;
- a=3/tan%, ;
- b =1/sin?0, ;
- e=(Ug =D/, with 0 <¢e < gy

However, this model has been seen to overestimate the actual maximum contraction,
and this is due to the fact that it assumes that the muscle 1s a continuous cylindrical shape.
In reality, however, the muscle, when contracting, takes on a conical shape at both ends
and, thus, its active part decreases. In order to overcome the limitation of this model, an
empirical factor £ was included to take into account the deformation and the resulting

change in the shape of the PAM and, in this way, the equation assumes the form:

F(e,P) = nré - Pla(1 — ke)? — b] (6)
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4.1.3. Sarosi and Fabulya models

Since in the case of the prototype under consideration, the McKibben muscles used are
DMSP-10-350N-RM-CM produced by Festo, then it is important to consider the
analysis of four different mathematical models for PAMs produced by FESTO carried
out by Téthova and Pitel’[61]. According to this article, the best approximations were
obtained using the equations formulated by Sarosi and Fabulya that approximate the
static characteristics of a McKibben PAM and are based on an exponential function
[61] [62]. The equations were developed in order to overcome the limitations of the
precedent equations by Tondu and Lopez, since it was seen in some research, [63][64],
that there were significant differences between the theoretical and experimental results.

To eliminate these differences, the following two equations were developed:
Fip) = (a1 p+ay)-e®*+a, prk+as p+as (7)
Flpk) = (p+a)-e“  +az p-k+a, p+as (8)

In the previous equations, K i1s the muscle contraction and a; in which 1=1,...,6 are six
unknown coefficients which values are found using Matlab Curve Fitting Toolbox.

The difference between the equations (6) and (7) 1s that, the first one can be used with
high accuracy for different Fluidic Muscle independently from length and diameter
under different values of pressure while, the second one, can be only used with high
accuracy for Fluidic Muscle with inner diameter of 20 mm [65]. The approximations
based on the exponential function has shown, together with the method based on the
maximum force, the best results and that’s why these two approximations are

recommended for using in modeling of pneumatic actuators based on artificial muscle

[66] .

4.2.  The new pneumatic connection

The new system has been developed in order to overcome the previous limitations linked
with the previous pressurization system. The new pressurization system, shown in Fig.
34, exploits two quick-connect couplings that allow the threaded end of the PAMs to be

connected at one end, while the other end allows the insertion of a pipe.
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Figure 34: Frontal and lateral view of the new pneumatic system

The fittings used are FESTO L-fittings, which have the possibility of connecting to the
threaded end of the PAM, also manufactured by FESTO, via a G1/8 connection, while
at the other end they allow the insertion of a 6mm diameter tube. The length of the tube
has been chosen to allow it to rise from the height at which the PAM fittings are
positioned up to the shoulder and then curve to reach the chest area and then fix to the
structure at the level of the harness shoulder straps.

It 1s essential that the tube at the level of the bend, that is generated above the shoulder,
does not generate bottlenecks that would impede the correct functioning of the system,
and it 1s also crucial that the bend 1s not too bulky so that it does not create obstacles for
the user. It 1s also important that the pneumatic system is well fixed to the harness
because, otherwise, during the pressurization of the system, there would be a risk that

the structure would impact with the subject's face.
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4.3.  PAM static characterization

Before evaluating the performance of the new pressurization system, it 13 necessary to
carry out the characterization of the PAM. Particularly, it has been carried out a static
1sotonic characterization, since, during the functioning of the exoskeleton, the pressure
inside the artificial muscles doesn’t change, except for a small amount of pressure losses
that can be considered negligible. To carry out this test, it was necessary to build a test
bench, which is depicted in Fig.35. In order to characterize the muscle, the PAM, (1),
was fixed at the upper end, so that the end was constrained, while a plate and a linear
load cell, (2), were connected in series at the lower end. In parallel to the PAM, a linear
potentiometer, (3), was inserted, also constrained at the upper end, while the plunger
component rested on the above-mentioned plate. In the set-up, a pressure gauge, (4),
was also used, which was connected to the muscle, to assess pressure values, and in
addition, a digital multimeter, (5), was connected to the linear displacement sensor for
the purpose of reading the voltage output and deriving the corresponding displacement
value from the plunger. During the experiment, several loads of 10 kg each were used,
(6), up to a total of 60 kg, to assess the elongation of the muscle under the effect of the
weight force. For each value of weight applied, several tests were carried out, varying
the pressure level between 0 and 8 bar, in steps of 1 bar, thus creating cycles of pressure

increase and decrease for each value of load applied.

L A

Figure 35: Static characterization set up
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The aim i1s to evaluate the change in length of the PAM when the supplied force varies,
with the purpose of determining the relationship between the force of the McKibben
muscle and the percent shortening. Obviously, applied pressure values depended on the
load connected to the PAM, in order to avoid harmful conditions. Indeed, the Festo
guide of the fluidic muscle specifies that, for a PAM with a 10 mm diameter, the
maximum possible pretensioning of the nominal length 1s equal to 3% while the
maximum possible contraction of the nominal length 1s equal to 25% [67]. The
characteristic curves, specific for Festo DMSP 10, are shown in the figure below, Fig. 36,
where in the axes are reported the percentage of contraction, h, and the force, F. In
addition, the vertical red line shows the maximum possible pretensioning and each curve

represent the force developed for each pressure level.
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Figure 36: Characteristic curves for Festo DMSP 10 [67]

The data obtained from the experiment are shown in Table 4 and Table 5 which

show, respectively, the values obtained during the increase and decrease cycles.
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Table 3: Static characterization increase cycle
Weight (kg)

0 10 20 30 40 20 60
0 0.00 - - - - - -
1 1.72 0.06 - - - - -
2 5.77 1.29 - - - - -
3 12.35  4.61 2.52 - - - -

Pressure
4 17.45  9.34 4.55 2.21 - - -
(bar)

) 20.70 13.88 | 7.86 3.87 1.66 - -
6 2297 1683  11.43  6.57 3.01 1.00 -
7 2451 19.17  14.25 @ 9.34 5.47 2.30 -
8 25.55 | 20.89 16.71 | 12.10 7.86 3.80 1.30

Table 4: Static characterization decrease cycle

Weight (kg)

0 10 20 30 40 50 60
0 0.43 - - - - - -
1 4.18 0.12 - - - - -
2 10.87  2.46 - - - - -
3 16.77 =~ 7.13 2.58 - - - -

Pressure
4 20.21 | 12.16  5.96 2.27 - - -
(bar)

5 2242 15.23  9.77 4.79 1.66 - -
6 2396 18.12  12.72  7.80 3.56 1.30 -
7 25.00 19.90 15.17 10.38  5.96 2.60 -
8 25.55  20.89 16.71 12.10 @ 7.86 3.80 1.30
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From this data, it was possible to develop the curves showing the relationship between

force and percentage shortening, that are shown in Fig.37.
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Figure 37: PAM characterization curves

It was also possible, through Eq.7, to find the six a;j coeflicients using Matlab Curve
Fitting Toolbox, that are reported in the following table.

Table 5: Coeflicients obtained from static characterization

a 0.0179
a 111.2
a3 -0.3097
a4 -0.02455
as 0.8375
a6 -126

4.4. Leakage test

Since the new pressurization system implies the addition of certain connecting elements
that could affect the pressure tightness of the PAMs; it 1s advisable to assess whether
there are any leaks between the connecting elements. In order to check the efficiency of

the new system, a test bench was implemented. The setting for the experiment,
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illustrated in Fig. 38, has the PAM, (1), with the upper end constrained, while the lower
end 1s fixed to a support that is free to move in the vertical direction. In this way, by
increasing the pressure with which the PAM is fed, the lower end is free to move upwards.
The Festo L-connector is screwed to the pneumatic connection of the PAM, into which
a 6 mm diameter tube 1s inserted, which in turn, 1s inserted into a T-connector. At the
other two ends of the T-connector, two more 6-mm diameter tubes are inserted, one of
which 1s linked to the pressure sensor, (2), while at the other end, a barbed nipple is
inserted, into which the valve 1s screwed, (3). A digital multimeter, (4), was also used in
order to read the voltage output of the pressure sensor and derive the corresponding

pressure value.

Figure 38: Leak test set up

The purpose of the experiment is to assess the tightness of the system, 1.e. to monitor
pressure levels over a range of time, which may coincide with that of uninterrupted use
of the exoskeleton. For this, the system was tested three times, each with a different
pressure level (4, 6 and 8 bar). For each pressure, the system was monitored for three
hours, with the pressure level being tracked every 30 minutes. Specifically, the system
was manually pressurized, by means of a pump through the valve, at the desired
pressure level, and changes in the pressure value were evaluated via the voltage output
of the pressure sensor. Prior to the test, the pressure sensor was characterized in order
to know the input-output characteristic of the sensor. For characterizing the sensor, an
ascent and descent cycle, from 0 to 9 bar, was carried out and the corresponding
voltage level was evaluated, in steps of 1 bar. The result of the characterization can be
seen 1n the graph shown in Fig. 39. The data obtained from the leak test are reported
in Tab.6.
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Figure 39: Pressure sensor characterization

Table 6: Leak test results

Volt bar

t0=0 2.130 4.051

t=30' 2.120 4.025

t=1h 2.110 4.000

4 bar t=1h 30' 2.110 4.000
t=2h 2.110 4.000

t=2h 30' 2.100 3.975

t=3h 2.100 3.975

t0=0 2.880 5.974

t=30' 2.860 5.922

t=1h 2.850 5.896

6 bar t=1h 30' 2.840 5.870
t=2h 2.840 5.870

t=2h 30' 2.840 5.870

t=3h 2.840 5.870

t0=0 3.650 7.949

t=30' 3.630 7.897

t=1h 3.630 7.897

8 bar t=1h 30' 3.620 7.872
t=2h 3.620 7.872

t=2h 30' 3.610 7.846

t=3h 3.610 7.846
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As evident from the data in the table, the pressure losses are extremely low, indicating
that their impact on the overall system performance 1s negligible. In particular, the
percentage pressure variation in the three cases is equal to:

- 1.88% for 4 bar;

- 1.74% for 6 bar;

- 1.3% for 8 bar.

In all three cases, it can be noticed that there 1s a greater loss of pressure in the first
half hour than in the subsequent time intervals as the pressure tends to stabilize after
the PAM 1s pressurised.
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Exo Arm modifications

The adjustment elements constitute another limitation of the prototype structure. This
1s due to the fact that all the adjustment systems rely on the presence of screws, which
slows down the time it takes to adjust the structure based on the anthropometric
measurements of the subject. For this reason, an attempt was made to modify the
adjustment elements in order to find an alternative that would allow for easier
adjustment. Naturally, to validate the structure, it was necessary to carry out FEM (Finite
Element Method) analyses. The aim of the FEM simulation is both to evaluate the
stresses acting on the structure, in order to ensure that the structure does not exceed the
specified yield strength limits for each material, and to verify the displacements to which

the structure 1s subjected.

5.1.  New bracelet and adjustment system

There are two modifications that have been carried out on the bracelet. The first, as
mentioned above, concerns the modification of the adjustment system. It was decided
to replace the two screws, previously seen, with a spring-actuated indexing plunger
produced by Elesa® (Monza, Italy). This plunger in fact has the undoubted advantage
of faster adjustment. In this way to change the position of the bracelet on the strut, it is
no longer necessary to unscrew the screws from the frame, which otherwise causes
the deterioration of the PLA cuff due to continuous screwing. Plungers, in fact, have a
threaded part that connects to the cuff, while the remaining part of the mechanism is
retractable. When the plunger is pulled, the retractable part lifts up and allows the cuff

to move, while, when the plunger is released, the retractable part returns to its stop
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position retracting back into the frame. In order to connect the threaded part of the
plunger to the bracelet, PLA inserts were also added to prevent the plastic material from
deteriorating due to the contact with the metal material. The bracelet circumference has
been modified aiming to create a less restrictive structure. It has been decided to create
an only half-circumference section so that the rest of the structure is adjustable with a
strap with hook-and-loop fastener. In this way the structure is more adaptable to users

with different arm circumferences

5.2.  FEM Analysis

After realizing the CAD structures in SolidWorks® 2023, a FEM analysis has been
performed. Firstly, the materials that compose the structure have been set, then the
connectors have been established, and, finally, the loads and the constraints have been
defined. SolidWorks Simulation tool has been used to perform the FEM analysis.

The model has been tested under the worst load conditions in order to have a greater
safety margin. The conditions that were simulated correspond to use by a 1.7 m tall
subject, weighing 70 kg, holding a 2 kg object in his right hand. Furthermore, it was
assumed that the arm 1s extended, and the flexion angle is 90°, while the abduction angle
1s 0°. Furthermore, given the presence of the tool in the right hand while the left arm 1s
in unloaded condition, two different levels of feed pressure have been set in the two
PAMs. Respectively 4.3 bar, for the left arm, and 7.7 bar for the right arm, since it has
been evaluated that these two pressures are the best supply pressures for the arm in
unloaded condition and the arm with the presence of 2 kg in the user’s hand. The
contraction ratio has been set equal to 2%. In the following sections only the right exo-

arm will be considered since represents the most stressed case.

5.2.1. FEM Materials

The materials used for the exo-arm components, Fig.40, are mainly:
- PLA: used for the filling of the horizontal (1) and the vertical (2) hinge joints, for
the bracelet (3) and for the shoulder pad (4);
- Stainless steel DIN.14301 X5CrNi18-10 (or AISI 304): used for the bar (5) that
connects to the angular joint and for the external components of the horizontal
(6) and vertical hinge joints (7);
- Aluminum EN AW-6060-T6: used for the strut (8);
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- Alloy steel 8.8: used for all the connectors as well as for the connection pin

between the horizontal and the vertical hinge joints;

- Brass: used for the insert for PLA located inside the bracelet;
- Stainless steel X10CrNiS18-9 (or AISI 303): for the spacer bushing and also for
the metallic part of the indexing plunger.

Figure 40: CAD structure of the Exo-Arm: in orange the PLA components; in green the AISI 304
components; in blue the aluminum component; in purple the AISI 303 components.

All materials, except PLA, have been modelled as isotropic. In contrast, an orthotropic
model has been used to characterise PLA, as the mechanical properties depend on the
direction of printing, and, in particular, are greater along the mold direction. In Tab.7
all the mechanical characteristics of the above-mentioned materials are listed, in
particular, E represents the elastic modulus, v is the Poisson’s coeflicient, G is the shear

modulus, Sy is the yield strength and Sut is the ultimate tensile strength.
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Table 7: FEM materials and their mechanical characteristics

E (MPa) v G (MPa)  Sy(MPa) Sut (MPa)
PLA (printing direction) 2904.2 0.292 723.34 56 56
PLA (other directions) 2597.5 0.299 1010 35 35
AISI 304 200000 0.28 79000 400 600
EN AW-6060-T6 66000 0.33 25000 230 230
Alloy steel 8.8 210000 0.3 80000 640 800
Brass 100000 0.33 38000 239 300
AISI 303 193000 0.29 77000 580 740

5.2.2. Loads, connectors and constraints

Subsequently, load and constraints have been applied to the structure and also the

connector have been modelled, as shown in Fig.41.

Figure 41:Exo-Arm modelling with loads, constraints and connectors
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The reference axes are oriented with the x-axis in the anteroposterior direction, the y-

axis in the craniocaudal direction and the z-axis in the mid-lateral direction.

The loads, represented in Fig.41 by the red arrows, were applied in the form of pressures.

The load magnitudes have been evaluated considering the contributions of the force

exerted by the MKM and also the weight of the arm and of the eventual presence of

tools in the hand. The user arm has been simplified as a rigid link with mass concentrated

in the center of mass.

The loads applied to the structure are located:

On the surface of the bracelet (1). The force simulates the interaction force
between the user and the bracelet and is linked both to the arm’s weight and
muscular action. It is equal to -0.023 MPa and acts in the y direction;

On the upper part of the bracelet onto the cable attachment location (2). The
force represents the traction force of the cable. It is directed both in the x-
direction, and 1s equal to -2.579 MPa, and in the y direction, with a magnitude
of 0.149 MPa;

On the inner surface of the shoulder pad in which the cable lays (3). Similarly,
the previous force, it 1s due to the cable traction force, and has three components,
0.51 MPa in the x-direction, -0.491 MPa 1n the y-direction, and -0.106 MPa in

the z-direction.

The gravitational load has also been applied to the center of gravity of the structure (4).

The constraints, represented by the green arrows in Fig.41, are applied as follows:

On the inner surface of the bracelet (5), at the connection with the strut. This
represents the force applied to the bracelet by the arm of the user, which
maintains the value of the abduction angle. It is modelled as a constraint in the
z-direction;

At the connection point between the bar and the angular joint (6), which
represents the link between the exo-arm and the back frame. Since it is a fixed

geometry, it 13 constrained in all three directions.

With regard to the connectors, they are all class 8.8, and for each one, has been defined

a certain preload value based on the dimension of the connector.

Finally, the structure has been discretized using a tetrahedral mesh, as shown in Fig.42.
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Figure 42: Exo-arm mesh

5.3. Simulation results

The results of the simulation will be discussed in terms of stress and displacement.
Regarding the stress on the structure, shown in Fig.43, the component with the highest
values 1s the M10 pin. Nevertheless, the stress values remain below the yield strength
that 1s equal to 640 MPa.

von Mises (N/mm#2 (MPa))
-_ 6,020e+02

- 5,160e+02

~ 4,300e+02

3.440e+02

| 2,580e+02

_ 1,720e+02

I 8,600e+01
1,050e-06

Figure 43: Exo-arm Von Mises stresses
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In the indexing plunger, which represent the most significant modification compared
to the previous structure, the maximum value of the Von Mises stress 1s much lower

than the yield strength, as shown in Fig.44, so it withstands the loads of the structure.

von Mises (N/mm#2 (MPa))
4,068e+01
. 3,487e+01
- 2,906e+01
' 2325e+01
_ 1,744e+01
- 1,162e+01

l 5,812e+00
1,050e-06

Figure 44: Indexing plungers Von Mises stresses

The distribution of the displacements in the three different directions are shown in Fig.
45, where the URES, 1.e. the resultant displacement, is also displayed Fig. 45 (a).

The overall behaviour of the structure, as can be seen from the displacement values in
the y-direction, is characterized by a downward displacement affecting both the cuff’

and the strut, while the shoulder pad tends to move inwards, as can be seen from the
displacement values in the z-direction.

URES (mm)

UX (mm)

a) 1982401 4921e-01
l 1783401 . 5072e.01
1585401 1507e+00
1387401 -2,5066+00
L 1,189e+01 3,505+00
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Figure 45: Displacement magnitudes: a) Resultant displacement; b) Displacement in the x-direction; c)
Displacement in the y-direction; d) Displacement in the z-direction
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5.4. Other exo arm structure modifications

5.4.1. Single indexing plunger

Since the indexing plunger has shown promising results, it has also been carried out an
analysis to evaluate whether applying only one plunger to the bracelet would be
sufficient and would not lead to an exceeding of the yield strength. Therefore, the CAD
structure of the bracelet has been modified by placing only one hole for the plunger.
This modification provides two improvements, firstly the sling can be placed in a greater
number of configurations and can therefore be adapted more closely to the
anthropometric measurements of the user because it can be centered in each of the six
holes in the frame. Furthermore, in terms of usability, the single-plunger configuration
makes it even easier for the user to change the position of the bracelet.

The results of the FEM analysis carried out on this new structure has shown promising

results, as illustrated in Fig. 46.

von Mises (N/mm*2 (MPa))
6,08% +02
| 5,328e+02
. 4,566e+02
_ 3,805e+02
_ 3,04e+02
L 2,283e+02

. 1,522e+02

l 7,611e+01
1,464e-05

Figure 46: Exo-arm with single plunger Von Mises stresses

Examining the stress acting on the individual indexing plunger, Fig.47, the maximum
Von Mises stress 1s slightly higher than in the previously analyzed configuration with two
indexing plungers. Nevertheless, it remains significantly lower than the component’s

material yield strength.
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Figure 47: Single indexing plunger configuration Von Mises stresses

Considering the magnitude of displacements in the single indexing plunger
configuration, Fig. 48, the values obtained from the simulation show only minor
differences compared to the previous configuration. The maximum values for each
direction are slightly higher. The biggest difference in absolute value is noticeable in the

case of displacements in the x-direction but is still negligible.
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Figure 48: Displacement magnitudes for single indexing plunger configuration: a) Resultant
displacement; b) displacement in the x-direction; ¢) displacement in the y-direction; d) displacement in
the z-direction.
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5.4.2. Different strut thickness

Another change in the prototype that has been examined regards the possibility to
minimise the thickness of the strut since, previous analysis, has shown that the structure
was a little too bulky. Therefore, it has been tried to modify the previous thickness of the
strut that was equal to 12 mm in order to reduce it. Two cases have been analysed, the
first one with a 10 mm thick rod and the second one with an 8 mm thick rod.

In Fig. 49, the distributions of Von Mises stresses obtained from the simulations of the
rods with 10 mm and 8 mm thicknesses are shown. The maximum stress value obtained
in the simulation of the thinner strut 1s higher than that of the medium-thickness strut
and, as expected, higher than that of the strut with the initial thickness value. As expected,
the most stressed area in these two cases also remains located in the M10 pin but, in

both cases, the yield strength has not been exceeded.
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Figure 49: Von Mises stresses: a) 10mm-thick strut; b) 8mm-thick strut

In Fig. 50, a detailed view of the displacement magnitude that have been obtained by

the simulation is shown.
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Figure 50: Detailed view of the displacement magnitudes on the three different struts in x, y and z
directions
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In particular the cases (a), (b), (c) refer to the strut with the initial thickness value equal
to 12mm and are respectively the displacements in the x, y and z direction, similarly (d),
(e), (f) are the displacements for the medium-thickness strut and (g), (h) and (1) are the
displacements for the thinner strut.

For all three struts the minimum displacement values occur in the z-direction in which
the entity of the displacement does not exceed the millimeter unit. This is likely due to
the presence of the constraint located in the inner bracelet surface, which prevent the
movement of the bracelet in the z-direction, simulating the force of the arm of the user
acting on the bracelet. Regarding the displacement in the x-direction it noticeable that
by comparing the figures (a), (d) and (g) in the (g) the magnitude of the displacement that
affects the upper part of the strut in absolute value is higher than in the other two cases.
Also, the distribution area of the maximum value of displacement 1s wider in the thinner
strut and 1t 1s possible to see that by decreasing the thickness value in all three cases, the
extent of the area gradually increases. The maximum absolute values of displacements
are in y-direction for all three strut and the value is approximately equal to 18mm, thus

showing no significant variation.
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With a view to facilitating the wearability and adjustment of the exoskeleton, an attempt
has been made to modify the back frame adjustment mechanism and also to replace the
harness currently in use. As far as the harness currently in use is concerned, the main
problems relate to its weight, which 1s quite heavy and, considering that one of the
limitations of the current structure is precisely its weight, surely trying to find a lighter
harness could certainly allow for a substantial improvement. Furthermore, another
problem with the exoskeleton's harness is related to the donning phase as the presence
of the leg loops makes the operation more complex. Additionally, the adjustment system
1s not very quick. The aim of the research is to find a new commercial harness and,
consequently, to redesign the CAD structure of the back frame in order to suit the new

harness.

6.1. The new harness and back frame modifications

The new harness that has been chosen to replace the previous one is a harness
manufactured by Festool and designed to be used with the TG-EXO-18 exoskeleton.
The new harness, however, unlike the current one, has a different connection
mechanism to the exoskeleton. It was therefore necessary to modity the back frame of
the structure in order to adapt it to the requirements of the new harness. The new
harness has three connections to the exoskeleton structure: the first connection, the
upper one, has two perforated plastic tabs, the second connection is located centrally to
the structure and consists of two fabric eyelets, and the third connection is located at the

level of the lumbar belt. In order to adapt the structure, therefore, modifications have
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been necessary, mainly related to the need to create a new central connection pivot to
enable the structure to accommodate the fabric eyelets present in the harness.

For this reason, it was decided to replace the two telescopic tubes, which allow the
modification of the exoskeleton's longitudinal length, with a new system featuring a
single telescopic tube. Specifically, the system therefore consists of an outer telescopic
tube with a rectangular cross-section inside which the inner tube with a square cross-
section 1s inserted. Inside the rectangular tube there is a PLA structure that is specifically
molded to act as a guide to allow the complete movement of the square tube in all
possible configurations of use, Fig. 51(a). Two brackets have been attached to the sides
of the outer telescopic tube, which use carabiners to connect the two fabric eyelets in the
harness. In particular, the brackets have been connected by means of two M4
countersunk screws that screw into two specific PLA inserts that are, in turn, inserted
into the PLA structure.

Again, with the aim of making the structure's adjustment mechanisms faster and easier,
it was decided to replace the screws used for the previous telescopic system with a push-
button spring. The hinges previously in use were also removed, as it was seen through
FEM analysis that they constituted a stress concentration point and because they
represented a non-fundamental part for the functioning of the structure. T'o connect the
telescopic system to the upper part of the back frame, telescope tube terminals were used,
which have a centrally threaded hole and thus allow the system to be linked to the
exoskeleton via connectors. The detailed view of the connections between the new back-

frame structure and the harness 1s shown in Fig.51(b).

a)

Figure 51: a) Detailed view of the inner part of the telescopic system; b) detailed view of the back-
frame/harness connections.
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Another change that became necessary has been to modify the upper part of the
structure by eliminating the hollow boxes previously present in favor of a new solid
structure that allows the plastic tabs of the housing to be screwed onto this new structure.
It was also decided to replace the various components previously present in the upper
part and design a single replacement in their place, which avoids the excessive number

of superfluous connectors.

6.2. FEM Analysis

Even 1in this case a FEM Analysis has been carried out in order to evaluate the stresses
and displacement to which the structure 1s subjected. The structure has been tested in
the same conditions that have been described in the paragraph 5.2, namely, in the most
binding working conditions.

As 1n the previous chapter, the materials, constraints, loads and connections that had to

be set for the FEM analysis will now be analyzed.

6.2.1. FEM Materials

The materials that have been used for the back frame components, Fig.52, are
respectively:

- PLA: used for the structure placed inside the two telescopic tubes;

- Stainless steel DIN.14301 X5CrNi118-10 (or AISI 304): used for the internal bar
of the telescopic system (1), that allows the regulation of the transversal length of
the exoskeleton, for the L-shaped plates both of the upper and of the lower part
(2), to which the PAMs are connected, for the bracket (3) and, finally, used for the
part connected with the two U-shaped cables (4);

- Aluminum EN AW-6060-T6: used for the external telescopic system that allows
the regulation of the transversal length of the exoskeleton (5) and also for the tubes
of the telescopic system for the regulation of the longitudinal length (6) , for the
lower bar that connects to the lumbar belt (7) and also for the upper plate (8);

- Alloy steel 8.8: used for all the connectors;

- Brass: used for the insert for PLA;

- Alloy steel AISI 316: used for the push-button spring (9);

- Nylon 6/10: used for the terminals of the telescopic tubes (10).
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Figure 52: a) CAD structure of the new back frame telescopic system: : in orange the AISI 304
components; in green the aluminum components; in purple the AISI 316 component; in blue the

Nylon 6/10 components.

For the materials above-mentioned have been made the same assumptions described in

paragraph 5.2.1, and also the mechanical characteristics of the materials are the same

that are reported in Tab.7.

In Tab.8 the mechanical the characteristics of materials not previously mentioned are

listed.

Table 8: FEM materials mechanical characteristics

E (MPa) \Y G (MPa) Sy (MPa) Sut (MPa)
AISI 316 200000 0.3 77000 400 700
Nylon 6/10 26000 0.35 960 47 75
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6.2.2. Loads, connectors and constraints

Subsequently, load and connectors have been applied to the structure and also the

connector have been modelled, as can be seen in Fig.53.

Figure 53: Back frame modelling with loads, torsions constraints and connectors

The reference axes are oriented with x-axis in the medio-lateral direction, y-axis in the
craniocaudal direction and z-axis in the anteroposterior direction. The results of the
forces obtained from the exo-arm simulations were applied to the inner rod of the
telescopic system to adjust the biacromial distance. The load magnitudes have been
evaluated considering the static equilibrium on the back frame in which have been also
considered the reaction forces applied to the pelvic and the thorax belts.

Loads, that are represented in Fig.52 by the red arrows, were applied in the form of
pressures.

The loads applied to the structure are located:

- On the right and left bars that connect the upper part of the back frame to the
exo arms (1). The force simulates the load exchanged between the back frame
and the exo arms.

The values are equal to 0.11 MPa in x-direction, 0.52 MPa in y-direction and
0.02 MPa in z-direction for the right bar. While for the left bar the values are and
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-0.051 MPa in x-direction, -0.25 MPa in y-direction and 0.013 MPa in z-
direction;

- On the L-plates, that simulate the traction force of the MKMs (2).
These are applied in the y direction and the value, in the right part, is equal to
4.33 MPa, while 1n the left is equal to 2.05 MPa. In both cases the loads have to
be applied in the upper and in the lower structure with opposite verses;

- In the holes in which the cables pass after the two curves, that simulate the cable
traction forces (3).

The values for the right part are equal to 0.29 MPa in x-direction, -6.3 MPa in
y-direction and 1.28 MPa in z-direction. While, for the left part the values are
equal to 0.14 MPa in x-direction, -2.99 MPa in y-direction and 0.61 MPa in z-

direction.

On the bars that connects the upper part of the back frame with the angular joints have
also been applied the torsions, that are represented in Fig.52 by blue arrows, in the same
locations of (1). Their values are equal to:

- On the right bar: Mx =-44.9 Nm; My =6.8 Nm and M, = 13 Nm;

- On the left bar: Mx=-22.3 Nm; My =-3.3 Nm and M, = 6.1 Nm.

It has also been applied the gravitational load that 1s applied to the center of gravity of
the structure (4).

The constraints are represented by the green arrows in Fig.52. With regard to the
constraints applied to the structure, in comparison to the previous case it must be
considered that there is an additional constraint at the brackets level. In order to better
evaluate the new configuration, three different cases of constraint setting were evaluated
for the three connection zones: upper, the holes in which to screw plastic tabs of the
harness (5), middle, the brackets in which to connect the fabric eyelets (6) and finally
lower, the bar in which to start the lumbar belt (7).
The three cases analyzed are from the different directions of the constraints:

- Istcase: upper - mid-lateral, middle — antero-posterior, lower — cranio-caudal,

- 2nd case: upper — antero-posterior, middle — antero-posterior, lower — cranio-

caudal + mid-lateral;
- 3rd case: upper — antero-posterior + medial-lateral, middle — antero-posterior,

lower — cranio-caudal+ medial-lateral.

With regard to the connectors, they are all class 8.8, and for each has been defined a

certain value of preload based on the dimension of the connector.
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Finally, the structure has been discretized using a tetrahedral mesh, reported in Fig.54.

Figure 54: Back frame mesh

6.3. Simulation results

The result of the simulations that will be discussed regards the first constraints
configuration since it has shown the most demanding conditions.

The results of the structure will be discussed in terms of stresses and displacements. The
stresses that are applied to the back frame are shown in Fig.55(a) , the maximum value
of the Von Mises stress 1s applied in the inner bar of the longitudinal telescopic system
that allows the adjustment of the biacromial distance, Fig.55(c). This component i1s made
of stainless steel, so its value of yield strength 1s equal to 640 MPa, while the maximum
value of Von Mises stress 13 equal to 324.7 MPa so the yield strength has not been
exceeded. Since the difference in the magnitude of yield strength between stainless steel
and aluminum in Fig.55(b) are shown the entities of the stresses that act upon the

aluminum components and, also in this case, the yield strength has not been exceeded.
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As expected, the most stressed part of the structure 1s the right one since is the part in

which the force values are bigger.

a)
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Figure 55: Von Mises stresses simulation results: a)complete structure; b) detailed views of the
connecting holes in the aluminum components; ¢) detailed view of the inner bars of the telescopic
system
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The results of the displacements magnitudes obtained from the simulations are shown

in Fig.56. As it 1s possible to see in the figure, the values of the displacements do not

exceed the order of the millimetre for both the x and the y-direction. Only in the z-

direction, the maximum value of displacement in absolute value reaches 1.658 mm, so

the maximum displacement occurs in the anteroposterior direction in the upper part of

the structure. Nevertheless, the entity of the displacement 1s, anyway, negligible.
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Figure 56: Displacement magnitudes in the Back frame: a) displacement in the x-direction; b)
displacement in the y-direction; ¢) displacement in the z-direction.
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New Exo-design: supplementary analyses

7.1. New Exo-structure

The complete rendering of the CAD model of the redesigned structure is shown in
Fig.57.

Figure 57: Final render CAD structure with all the previous discussed modifications

Since the tests carried out have been successful, work is underway to produce a prototype
with all the modifications described in the previous chapters. The dimensioned technical

drawings of the components to be built have been produced, Fig. 58, Fig.59 and Fig.60.
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Figure 58: Dimensioned technical drawings of the inner telescopic tube

71



Chapter 7

New Exo-design: supplementary analyses

SE NON SPECIFICATO:
QUOTE IN MILLIMETRI
FINITURA SUPERFICIE:
TOLLERANZE:
LINEARE:
ANGOLARE:
NOME
DISEG.
VERIF.

APPR.

A FABB.

Qual.

330,00

35,00

: FINITURA:

FIRMA DATA

2 |

50,00

]

MATERIALE:

ALLUMINIO: EN AW 6060 T6

PESO:

JOLIDWORKS Educat&nal Product. Solo per uso didattico.

1,50
~ o
S
]
IS
_N°2 (4,00 PASSANTE
N°5 @7.50
— [=]
N <
kel )
C\,\)
<
~ --
U o
<
w
INTERRUZIONE
BORDI NETTI NON SCALARE DISEGNO REVISIONE

QUANTITA: 1

TELESCOPICO ESTERNO

2 |

Figure 59: Dimensioned technical drawings of the outer telescopic tube

78



supplementary analyses

New Exo-design

Chapter 7

"od13epIp osn Jad 0]oS *12nPoid [euoneINPI SYYOMAITOS

I € 174 G 9
11d 1 ON904 @._. OQOQ \/>< Zm
OND3SIa N OlUWN|Y - 3vravw :083d IR\ %N
‘lond
“dddV.
aJouadns puysoid
‘agv4
‘o1ouL 3ENe]
viva VWIS IWON
MN_JJOOZ(
[ SVIINVNO AVETIOL
OND3SIJ FVIVOS NON ILIIN 1308 3101433dNS VANLINIE
INOISIATY INOIZNYYILNI I¥EWMTIW NI 3LOND
“VaNLNIE ‘OLVOHID3dS NON 3§
; ,
7 00'0£€ 7
- _‘ i B B q _ _ ‘ i i
s [ r _ [
00GL 4 SC [X8W
dost 0001E 7 0002
— S — T -
o
1.8
JINVSSVd 009 @ ¥oN IS N
E— | <
S NVSSVd 005 @ ZoN =
o — ,
(4,1 - -
: 3 o | & o
‘ . &
-7 [o08™00'sT e - -
P “ P P
[ [ [
0008 B
[
000€E L 00021 8
, 008
e — s e — e S ——1]
_ - _ . _ _ _
ﬂ
00GL A 8OXSW 70N 7 o 7

O

Figure 60: Dimensioned technical drawings of the upper plate of the back frame
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In the following table are also reported all the commercial components that have been

chosen for construction of the new prototype:

Table 9: List of commercial components and suppliers

Component Quantity Supplier Product Code
Exo Arm
Threaded inserts 4 Special Insert 850 0060.80
Spacer bushings 4 Elesa GN.70201
Plungers 4 Elesa GN.37309
Back Frame
Rectangular end cap (50x25-MS8) 1 ISC 00700800169
Square end cap (20x20-M8) 1 Misumi 320011
Mounting hook 1 pack (2 pcs) Misumi TPD-5
Quick spring plunger 1 Special Insert 0QS02/22
Quick spring plunger 1 Special Insert QS01/19
Threaded inserts 4 Special Insert 850 0040.80
Threaded inserts 4 Special Insert 604/C
Carabiners 2 Misumi B-1135-5

7.2.  Supplementary analyses

In order to appropriately assess the functioning of the structure, in addition to the FEM
results discussed in the previous chapters, further analyses have been carried out. This
1s because FEM analyses show only the results of the stresses to which the structure is
subjected and do not consider the effects on the user. Since the exoskeleton is a structure
that, throughout its operation, comes into direct contact with the human bodys, it 1s also
necessary to evaluate how the device and the subject reciprocally interact. For this
purpose and considering that the main requirement for an exoskeleton 1s safety, the
pressures to which the subject 1s subjected during use of the exoskeleton have been
evaluated. Additionally, the response of the structure to misalignments of the shoulder

joint center has also been analyzed.
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7.2.1. Estimation of contact pressures on subject’s body

As mentioned above, it 1s essential to assess the effects of the exoskeleton's presence on
both the safety of the subject and the prevention of discomfort during use, especially
considering that the exoskeleton must be worn for extended periods of operation. The
evaluation of contact pressures has been performed through an analytical approach, in
accordance with previous studies conducted in literature [68]. The three interfaces
between the exoskeleton and the subject are, respectively, the bracelet, the pelvic belt
and the thoracic belt. The aim of the investigation was, therefore, to compare the results
of the stresses that occur on the subject with values obtained from the literature that
define pain detection thresholds (PDTs) [69] [70]. To evaluate the magnitude of the
pressures that act on the human body the contributions of both the gravitational and
support torques have to be considered. With regard to the gravitational torque, both the
contribution of the gravitational force due to the weight of the subject's own limb and
the load resulting from the possible presence of tools in the hand must be considered.
To calculate the gravitational force, the user's arm has been approximated to a rigid link
with the mass centered at its center of mass. As far as the contribution given by the
muscular effort 1s concerned, two contributions have been distinguished: the first related
to the effort that the muscles make to maintain the appropriate flexion angle, 0f, and
thus correct the mismatch between gravitational force and support force, while, the
second contribution, is related to the effort to maintain the ideal abduction angle, 0..
The simulations have been evaluated through Matlab_R2024a, considering a 1.7 m tall
subject, weighing 70 kg and in three different load conditions. In all the three cases the
subject held a 2 kg load in the right hand but, in the first case, there is no tool in the left
hand, in the second one, a 1 kg load is present in the left hand and finally, in the third
case, a 2 kg load 1s present in both hands. In order to assess the contact pressures on the
subject, it was necessary to define the anthropometric measurements in order to
determine the length of the various body segments and their weights. From this
information, the overall resultant of the gravitational torque, determined by the weights
of the various body districts, have been calculated. The possible presence of a tool has
also been considered in the calculation, so as to analyze how the contact pressures vary
according to the different applied loads. Subsequently, the contribution of the forces
generated by McKibben's pneumatic muscles has been assessed. For each side of the
body, the force exerted by the PAMs has been calculated, taking into account that the
weight applied to the arms could be different. Then, the contribution of the forces
exchanged between the arm and the cuff has been analyzed, considering in the sagittal

plane both the distribution of the applied weight forces and the action of the user's
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muscles, which compensated for the mismatch between gravitational torque and support
torque. For the calculation of the contact pressure application surfaces at arm level, the
measurements of the CAD model of the cuff were used.

Finally, the static equilibrium at the structure has been calculated to estimate the forces
at the level of the back frame. After the dimensions of the interface surfaces between the
harness and the user have been measured, the contact pressures on the pelvis and thorax
have been evaluated.

To evaluate whether the stresses acting on the subject are excessive, the pressure values
have been compared to the PDT’s of each area analyzed. In Fig.61 the results for each
case are shown. Obviously, as can be seen in the figure, increasing the load in each hand
consequently the pressure levels applied to the subject also increase. This is also because,
as the load in the hands increases, the pressure level at which each PAM must be

pressurized also increases, leading to higher pressures applied on the user.
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Figure 61: Pressure magnitude on the subject: a) 2kg in the right hand — Okg in the left hand; b) 2kg in
the right hand — 1kg in the left hand; ¢) 2kg in both hands.
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The results reflect the previous findings obtained from the preceding prototype study
[68], there are no particularly significant differences.
In all three cases, the pressure levels do not exceed the PDT, so it can be concluded that

the structure under consideration is safe and does not generate discomfort for the user.

7.2.2.  Impact of misalignments between SJC and EXOJC on

performance

As previously discussed in section 1.2.1, one of the most significant challenges in upper-
limb exoskeleton design 1s related to the SJC movement. This occurs because the
movement of the SJC causes misalignments between the center of the shoulders and the
joint center of the exoskeleton and these can result in discomfort, pain and, in the worst
cases, may lead to dislocations and fractures. In particular, the prototype under
consideration is a 2 DOFs exoskeleton, meaning that the structure is less bulky but, at
the same time, 1s more susceptible to misalignment issues. Within the considered
working range, the magnitude of the displacement of the SJC is equal to 2.8 cm upwards
and 0.3 cm 1n the mediolateral direction, so the latter can be neglected [26], [68]. The
analysis and quantification of misalignments have been performed following the
methodology outlined in [71]. Specifically, the evaluation considers the impact of
misalignments in terms of the effectiveness of the support torque in compensating for
the gravitational torque. The ratio of gravitational torque to support torque was
evaluated by varying the shoulder elevation angle, 61, and the elbow flexion angle, 67.
Since the exact position of the SJC 1s unknown, eight initial positions of the ExoJC have
been considered. The initial positions are scattered around a circumference in which the

SJC is centered as shown in Fig.62.

EonJCy
ExoJCs o~ L Ex0]Cg
Exo0JC; ¢ ®sJC Y ExoJC;
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Exo0JC;

Figure 62: Locations of the ExqJ C initial positions [71]

The aim of the analysis i1s to understand in which cases the exoskeleton adequately

supports the work of the user.
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The simulation has been performed using Matlab. To conduct the analysis, first, the
movement of the SJC has been evaluated by examining the abduction movement of the
shoulder between 0 and 180°. Both the gravitational moment and the support torque
generated by the exoskeleton have been calculated. The moment exerted by the
exoskeleton has then been assessed considering the misalignment between ExqJC and
SJC. Finally, the magnitude of the misalignment effects, expressed as the ratio of support
torque to gravitational torque, has been estimated. In Fig.63, the results of the analysis

are shown.
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Figure 63:Percentage of support given by the assistive torque with respect to the gravitational torque in
the previous described initial positions: a) ExoJC1; b) Exo]Co; ¢) ExoJCs; d) Exo]Cy; e) Exo]Cs; g)
ExqJCe; f) ExoJC7; 2) Exo]C.

As shown 1n the previous figure, the optimal configuration, in which the ratio between
gravitational and support torque is closest to 100%, indicates that the assistive torque
effectively compensates for all the gravitational torque. These optimal positions occur
when the initial ExoJC is below the SJC, considering the positions shown in Fig.62. In

the cases where the assistive torque 1s lower than the gravitational torque, the support
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provided i1s insufficient, requiring the user to exert additional effort to perform the
movement. Conversely, if the assistive torque exceeds the gravitational torque, the user
must exert force to push the arm downward to maintain a specific position, increasing
the load on the shoulder flexor muscles. This situation is as ineffective as the previous
one since requiring the user to exert effort to either raise or lower the arm leads to fatigue.
Therefore, in both cases, the support provided by the exoskeleton 1s not adequate for its
intended purpose. This situation is shown in the cases (f), (2) and (h) where the ExoJC is
positioned above the SJC. In these cases, in fact, when both 6; and 62 are equal to 90°
the percentage of the ratio is much greater that 100%.

Comparing the results of the current study on misalignment effects with previous
analyses conducted on the previous structure [71], it can be seen that the differences are
not particularly pronounced. In general, it can be said that the areas where the
gravitational and support pairs are equal, are shifted to smaller values of 82 , and this
trend 1s visible in all graphs. Also, the results obtained on this prototype in the cases (f),
(g) and (h) have shown the same behaviour of once obtained in the previous structural

analyses.
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Chapter 8

Conclusions and future developments

The problem related to WMSDs has yet to be solved, as it has been observed how
frequently it afflicts industrial workers and the damage it can cause to their health. Given
that a major cause of WMSDs 1s related to overhead work, it 1s imperative to find a
solution that supports the worker so that no shoulder discomfort occurs.

The last decade has seen a significant momentum towards the development and
modernization of exoskeletons, which one possible application is the industrial sector.
These are wearable devices that can help the worker by decreasing the muscular effort
required to perform a procedure or even eliminating it altogether. In particular,
exoskeletons for upper limbs are particularly suitable when the objective is to prevent
shoulder disorders. For industrial use, the best alternative 1s passive exoskeletons, as they
usually have a less bulky structure, use simple mechanical elements, do not require an
actuator, are more flexible, and can operate in remote locations for long hours.

The main subject of this thesis is a passive upper limb exoskeleton that operates using
two McKibben muscles, 1.e., artificial pneumatic muscles that generate a support torque
counteracting the gravitational torque produced by both the weight of the user's limb
and the possible presence of tools. In order to improve some of the problems that
emerged 1n previous studies of the prototype under consideration, several tests were
carried out with the final aim of improving the usability of the device. Primarily, the
possibility of inserting a pneumatic circuit allowing the pressurization of the McKibben
muscles by the user himself was evaluated, granting more autonomy to the user. The
functioning of this structure was validated by means of a leakage test, which ascertained
that there were no significant leaks in the circuit that could affect the functioning of the
structure.

Subsequently, the focus was placed on the position adjustment mechanism located on

the exo-arm cufl. The previous mechanism was replaced with a new one based on the
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use of indexing plungers that make the mechanism easier to adjust. Other possible
modifications to the exo-arm were also evaluated, such as thinning the strut and using
only one indexing plunger to make the structure less bulky. Additionally, with the aim
of making the structure lighter, the previous harness was also modified in favour of a
new one that is lighter and easier to adjust. To make this change, it was necessary to
modify the attachment mechanism and thus the interface between the harness and the
back frame. To evaluate the function of the structures that were modified, FEM analyses
were carried out using SolidWorks software, firstly the CAD models of the structures
were made and then, using SolidWorks Simulation, static analyses were conducted. The
analyses showed that the yield strengths of each material were not exceeded in any case.
Of course, there are other aspects of the structure that could be improved, such as
modifying it to allow the user to lower the arms more easily by implementing a
disengagement mechanism, reducing the overall weight by selecting new materials with
the same mechanical properties but lower weight, or modifying the structure to
minimize the misalignment between the SJC and the ExoJC. Since the new prototype,
incorporating all the modifications discussed in this thesis, is already in development,
with components being sourced and customized parts being manufactured, future work
will focus on constructing the structure properly to enable experimental testing. This
would allow an applied evaluation of all the advantages that have been analysed for

improving the usability of the device.
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