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ABSTRACT

Work-related musculoskeletal disorders (WMSDs) are one of the most common causes of
occupational disease in Europe. They typically cause muscle fatigue and injuries, leading to a
relatively high number of lost workdays with a negative impact on enterprises’ productivity and the

increased burden on national healthcare systems, as reported by the EU-OSHA in 2007.

In recent years, in order to reduce workers’ fatigue and the insurgence of WMSDs, a growing interest
in wearable robotics (WR) technologies has led to the application of upper-limb exoskeletons for
industrial applications. The state of the art provides many examples of passive devices where the
assistive action (e.g. assistive torque) is generally achieved by means of passive mechanisms, like

springs and dampers.

Despite their light weight and potentialities in reducing workers’ muscular strain, they still have the
intrinsic lack of adaptivity to different tasks (e.g. static or dynamic) or different physiological state
of their users (e.g. increased fatigue). Indeed, once the support level is selected at the beginning of
the work it remains fixed at a certain level for the whole duration of the task, unless the worker

manually adjusts it.

At the leading edge of this research field, the WR Laboratory of Scuola Superiore Sant’ Anna of Pisa
is currently investigating innovative solutions. This thesis, developed within the WR Laboratory,
aims at designing, developing, and eventually implementing an adaptive algorithm for the automatic
selection of the support level for a semi-passive upper-limb exoskeleton (H-PULSE). The exoskeleton
was developed by IUVO S.r.1., a spin-off company of Scuola Superiore Sant’ Anna, within the H2020
HUMAN project (Grant Agreement n. 723737, website: http://humanmanufacturing.eu). The H-
PULSE is embedded with sensors, to monitor the shoulder flexion/extension angle, and an active
tuning mechanism that allows to automatically change, in real time, the pre-tensioning of the springs

responsible for the assistive torque peak.

The algorithm developed in this work of thesis exploits shoulder kinematics to compute movement-
related features to online estimate the desired level of support. In particular, the movements features
are linearly combined in a finite different equation formulation to compute the level of assistance that
the exoskeleton needs to provide. The algorithm was first designed and simulated offline in MATLAB
R2019b and then translated in LabView 2018 for evaluating its real-time performance. Finally, the
algorithm was implemented in the real-time processor of the H-PULSE exoskeleton for experimental

testing.
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The algorithm was evaluated with human-in-the-loop experimental trials, with the main objectives of
investigating the effects of the adaptive control strategy against experimental conditions where the
exoskeleton was not worn (i.e. without any support) or delivered a fixed and predetermined level of

assistance (i.e. supporting about the 50% of the arm gravitational torque).
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1 INTRODUCTION

1.1 MOTIVATIONS: WORK RELATED MUSCULOSKELETAL DISORDERS

According to the European Agency for Safety and Health at Work (EU-OSHA), work related
musculoskeletal disorders (WMSD) identify all the impairments of body structures as muscles, joints,
tendons, ligaments, nerves, bones and circulation system that are related and caused by work and by

the environment in which a certain task is performed [1].

These disorders are increasing in work environments and, according to a recent study, they affect
three out of five workers in the EU [2]. The impact of these conditions has been evaluated by the EU-
OSHA and it can be seen how WMSDs affect the single workers as well as the society as a whole,
highlighting how much this problem represents a multi-sectoral issue. It is difficult to have unique
metrics to assess how these conditions affect the European industries and workers. However, multiple

studies emphasized how WMSDs can directly affect the industries’ economy and the worker’s health.

First of all, WMSDs are responsible for longer absences from work. An important example resides
in an Austrian study that highlighted how the 24.3% of the lost working time was related to this kind
of disease. The same study found that WMSDs were responsible for a quarter of the long absences
from work (more than 6 weeks), that were the 35% of the overall lost workdays [3]. Another
significant impact of WMSDs is on the economic costs, since productivity losses due to occupational
illnesses can be significant. As an example, in Germany it was estimated that musculoskeletal and
connective tissue disorders constituted a 17.2 billion in production loss based on labour costs in 2016
[2]. Moreover, the healthcare point of view must be considered. WMSD require the investment of
time and financial resources to provide rehabilitation to the patient and reintegrate workers that have
suffered from these conditions [1]. Even if the condition is resolved, the workers may still have to
deal with long-term effects of WMSDs, since these disorders cause overall fatigue, sleeping problems
and anxiety, thus heavily affecting the mental health of individuals [2]. To quantify the gravity of the
WMSDs consequences on the workers’ well-being, an important metric is the disability-adjusted life
years indicator, indicating the years lost as a result of an illness. It was estimated that these disorders

are responsible for 15% of the total number of years lost related to work injuries and illnesses [2].

Despite all these negative consequences related to WMSDs, it is not straight-forward to take actions
to contrast the insurgence of these diseases. This difficulty resides in the fact that the main causes
behind the insurgence of WMSDs can be related, among others, to working conditions with

demanding force applications (pulling, pushing, tools usage), repetitive movements, awkward



prolonged body postures, repetitive and monotonous tasks [1]. All these conditions are usually

unavoidable in most of the industry tasks.

A possible solution to avoid demanding movements is to fully automatize the work environment. This
drastic measure would imply the removal of the human worker in favour of a fully robotized
environment. However, this decision implies some ethical and organizational problems. A study
remarked the limitations of this measure: first of all, it would imply high costs. Secondly, the
manipulators have limited versatility and adaptability, whereas human cognitive skills and flexibility

still have a crucial role in most of the working conditions [4].

All these premises lead to the need to take serious actions to preserve the workers’ health and industry
economy. The variability of factors that lead to WMSDs make it difficult to identify the best strategy
to contrast the insurgence of these diseases. A first suggestion is to have an early intervention, which
is crucial to minimize the impact of WMSD on the workers and more generally on the enterprises.
Moreover, the European Survey of Enterprises suggests to use an integrated approach to this problem,
considering that single measures have been demonstrated to be less constructive than integrated ones
[2]. The prevention approach becomes crucial in the contrast to the insurgence of WMSDs. The
reports from the European Agency for Safety and Health at Work have concluded that the risk
assessment and prevention approach can be successfully applied to the prevention of WMSD [3]. A
particular focus is put on the key factors to consider when applying prevention measures. First of all,
facing the many risk factors, a holistic approach is suggested, considering the demanded load on the
body as well as the work organization. At the same time, the diversity of the population implies an

inclusive approach to consider each worker’s needs and capabilities.

Moreover, body postures have a central role and it is crucial to consider the need to vary the working
postures to avoid the maintenance of same positions for prolonged time. This preventive measure
becomes more important in case of repetitive and monotonous jobs, where it is paramount to provide

a sufficient degree of variety in order to have an effective prevention measure.

This integrated approach that takes into account the interaction between the worker and the work
environment is gaining more importance in recent years. One of the reasons behind this trend resides
in the introduction of the concept of Industry 4.0 worker. This term denotes a worker that understands
and cooperates in its work environment by means of a smart interaction with the machines and the
robots [5]. The central topic of Industry 4.0 is indeed a so-called human-centric manufacturing, where
the aim is to fully exploit the potential of both the operator and the industry to have a socially

sustainable manufacturing industry.



1.2 FOCUS ON SHOULDERS AND THEIR TASKS

In the field of work-related disorders, a particular focus must be made on shoulder related illnesses:
as observed by the European Agency for Safety and Health at Work, shoulder and neck pains are
reported by 23% of the workers [3]. The US Department of Health and Human Services made a
critical review on these work-related disorders, with a chapter dedicated to shoulder problems [6].
The authors highlighted the associations between shoulder WMSDs and certain types of work with
important evidence-based conclusions. In order to fully understand shoulder WMSDs, it is worth

making a small overview of the shoulder complex under the anatomy and physiology point of view.

1.2.1 Shoulder joint

The shoulder joint, also known as glenohumeral joint, is one of the most complex articulation of the
human body, roughly described as a ball and socket joint [7]. It allows the largest range of motion in
the human body and connects the upper limbs to the trunk. The main bones of the joints are the
clavicle, the scapula and the humerus (Figure 1). The first is positioned above the first rib and is
directly connected to the scapula. The scapula is a flab bone with many muscular attachments and it
is connected to the humerus via the glenohumeral joint [7]. Even if many muscles are responsible for
the stability and movement of this joint, the main muscles that support the shoulder are the ones
belonging to the rotator cuff [7]. This muscle group is composed of the supraspinatus, infraspinatus,

teres minor and subscapularis and it has a crucial role in the support of the shoulder.

Among the muscles that are worth mentioning, the trapezius, located in the back, is the one
responsible for the lowering of the shoulder (assisted by gravity in the upright position). Always
located in the posterior part, the latissimus dorsi is a large muscle in the middle of the back. Moving
into the frontal part, the pectoralis is large muscle responsible for the rotation of the arm and the
breathing action. Another important muscle is the deltoid: it is located more superficially on the side
of the shoulder and it is fundamental for the movements of the humerus. The deltoid is composed of
three origins, each of them responsible for a precise movement: the anterior deltoid flexes the
humerus, the middle abducts it and the posterior rotates it. Considering the muscles located in the
arms, the two main antagonists’ muscles are represented by the biceps and the triceps. The former is
located in the front of the arm, it is composed of two heads and it connects the shoulder to the elbow.

The latter is located in the back of the arm and spans from the shoulder to the elbow.

Overall, the shoulder muscles are fundamental for both the motion and the stability of the joint [7].
In particular, this complex joint allows for a wide range of motion, allowing the movement of
adduction/abduction, flexion/extension and intra/extra rotation. In order to meet both the

requirements on mobility and stability, the shoulder complex has to perform a dynamic stabilization



[8]. Through active forces, the dynamic stability is achieved by means of both passive forces (from
ligaments and articular surface) and from active forces (relying on muscles). However, it is not
straight forward to meet the stability and mobility needs, therefore the shoulder complex is highly
susceptible to disorders and instability.

sternocleidomastoid
sternoclavicular joint

trapezius > clavicle

acromioclavicular

triceps :
brachii | pectoralis
major
scapula
biceps |
brachii

LY
humerus
brachialis

7 medicalartlibrary.com

serratus anterior sternum

Figure 1: Shoulder anatomy — muscles and bones by Lauren Keswick. Downloaded with permission from MedicalArtLibrary [9].

1.2.2 Shoulder tasks and WMSDs

The relationship between WMSDs and shoulder tasks has been widely studied. It is worth citing the
report of the European Agency for Safety and Health at Work [6]. In this paper, the authors gathered
evidence of the relationship between shoulder pains and the work factors that may be behind the
insurgence of these diseases. They identified precise movements as critical for the shoulder
articulation, identifying awkward postures as one of the most demanding condition. The neutral body
posture implies the arms elongated along the body, whereas awkward postures may occur when the

arms are moved in unusual positions, often aggravated by prolonged or repetitive movements.

Another critical condition can be found when forceful exertions are required, meaning that the
shoulder has to carry or move heavy loads or tools. Lastly, another demanding movement is
represented by repetitive exertions, that indicate movements repeated in a similar fashion for many

times within a certain cycle.



In order to clarify where these problems may occur in jobs, some studies can be taken as an example.
For what concerns non-ergonomic movements, a study conducted on workers performing jobs on
industrial assembly lines highlighted how the static tasks involved were linked to shoulder tendinitis
[10]. The same study also pointed out the direct association of shoulder disorders to the percentage

of time spent with the arms elevated or abducted (with an angle greater than 60 degrees) [10].

Another study was conducted on construction workers exposed to load lifting. This research showed
how there was a direct relation between acromioclavicular osteoarthrosis and the required shoulder
movements [11]. Moreover, a cross sectional study on 1886 males from 3 different occupational
groups (machinists, mechanics and painters) established the quantitative relations between the works
implying repetitive and elevated arms postures and clinically confirmed shoulder issues [12]. In
particular, upper arm elevations above 90 degrees were associated with supraspinatus tendinitis and

shoulder pain.

1.3 SOLUTIONS TO PREVENT SHOULDER WMSDSs

Prevention of WMSDs is a challenge that the EU is facing by providing detailed regulations to
successfully integrate the workers’ participation and the work adaptation to the individual. The main
goal of these measures is to improve the safety and health of workers, according to the principle of
“participatory ergonomics” [13]. This expression defines the “involvement of people in planning and
controlling a significant amount of their own work activities, with sufficient knowledge and power to
influence both processes and outcomes to achieve desirable goals” [14]. The importance of this
concept resides in the fact that participatory ergonomics programs can successfully reduce the

incidence of WMSD [15].

The workers central role in the workspace ergonomics is a concept that is expressed also in the
Operator 4.0, a key idea for Industry 4.0. This term denotes a worker with the ability to understand
and interact with the machines in a smart way in order to create a trusting work environment that can

enhance the operator skills and abilities [5].

A significant example of the application of this principle can be seen in the building strategy for a
new plant that Volvo opened for the assembling of cars in Sweden. The aim of the design was to
improve the work productivity and quality along with the ergonomic conditions and the work
organization [16]. The plant implemented a tilting device that rotated and lowered the car body to
facilitate assembly work, resulting in the main effect of enhancing the job ergonomics without

compromising the productivity [16].



Although solutions like the one implemented by Volvo and other car manufacturers seem very
promising, it is not always possible to adopt these measures in a production plant: a relevant limitation
of the cited study was that the plant was built from scratch. In many other cases, industrial applications
already have existing structures and modifications could imply heavy changes in the manufacturing

process and expensive investments [17].

Another proposed solution to help workers in physically demanding and non-ergonomic work
activities is to integrate robotic manipulators in the work environment. However, even if automation
is growing in many fields, several tasks cannot be fully automated since the associated costs would
be too high and human cognitive abilities and flexibility still outperform the ones of robots [4].
Therefore, the workers role is central and in recent years a new solution has been proposed to be

integrated in the work environment: wearable robots.

1.4 WEARABLE ROBOTICS FOR INDUSTRIAL APPLICATION

Wearable robots (WR) are mechatronic systems designed to assist human motion exploiting
mechatronic devices attached to the human body [18]. One of the first intended use of WR is for
rehabilitation, where fixed robotic stations are used to provide rehabilitation exercise. The benefits of
rehabilitation WR are multiple over conventional methods: it is less dependent on clinical staff
availability, it delivers precise forces applied depending on the level of recovery needed and it can
deliver repetitive actions at a reasonable cost [19]. The WR are widely studied also in the military
field, where their potential to augment the strength and endurance of humans is exploited to reach
rugged environments [20]. In recent years, a further exploitation of WR is for devices to assist
industry workers. Specifically, WR are designed to provide assistance in particular tasks that require
awkward postures and repetitive movements which, as said above, are among the main causes of
WMSDs insurgence. The intent of these exoskeletons is to enhance and help the humans is
particularly demanding movements by means of an external wearable structure. The augmentation of
human capabilities is a central idea of the Operator 4.0, where exoskeletons represent a perfect

example of trade-off between automation and manual tasks [5].

The main challenge in the design of assistive WR is to successfully integrate the human body with
the mechatronic WR system. This task is not straight-forward since the human body is a complex
kinematic structure which is difficult to replicate and follow with a mechatronic structure [18]. The
actions between the robot and the human must be coordinated, therefore the human body has a central
role in the design of a WR device [21]. As a consequence, the interface with a robot must fulfil some

specific requirements.



First of all, the system must guarantee the safety of the user, thus not constraining to strange or
unnatural movements that could harm the human joints [21]. Moreover, the comfort is crucial for a
wearable device, since it should adapt to the ergonomics of the human and not cause any unwanted
pressure on the body [21]. The human joints must be aligned with the robot ones otherwise undesired
forces may be generated and impede movements. Additionally, the WR operational space has to be

compatible with the natural movements allowed by the user [21].

Since the main goal of a WR is to deliver specific forces to help the user in some specific motions,
the design must carefully consider the intensity and the way in which those forces are delivered. The
force transmission is done through the so called pHRI, the physical human-robot interface. In the case
in which the pHRI integrates a control system, it must guarantee the full and safe cooperation of the
human motions and the WR motor control [21]. Moreover , the device must be easily donned on and

off, therefore guaranteeing an intuitive way of wearing it for a trained user [22].

Furthermore, there should be no need of tools to regulate the device, which also has to be adjustable
to fit a large percentage of the population [22]. A last crucial point is the user acceptability,
fundamental for the correct use and acceptance of the device. It has been underlined that a
familiarization phase is paramount in order to have a faster understanding and acceptance from the

workers and thus a quicker adoption in industries [23].

Moving into biomechanical aspects, the mechanical requirements for a WR must be followed
carefully. It has to be remarked that if the device movements are not following the human motion,
some discomfort may arise. In more technical terms, kinematic incompatibility between WR and
limbs occur. This can be caused by wrong designs but also arise from the variability of the human

biomechanical parameters during motion or between different subject [21].

Firstly, for what concerns inter-subject variability, estimation of the anatomical measures can be
difficult since each individual has its own measurements. For this issue, it is crucial to make the
devices adaptable and easy to regulate around someone’s shape. Additionally, a necessity for a
familiarization protocol to ease the donning/doffing and regulation of the devices is important for a
correct knowledge of the device [23]. Secondly, one of the main difficulties in the design of WR is
taking into account the variability of the axes alignments and location, since the instantaneous centres

of rotation are subject to motions during movements [21].

Generally speaking, if kinematic requirements are not met, incompatibilities may lead to kinematic
misalignments. Macro misalignments happen if joints interactions between the device and the human

joint are overly simplified, thus the necessity to carefully chose the kinematic chain to have the correct



number of degrees of freedom [21]. Another problem is represented by micro misalignments, which
are always caused by non-coinciding axes but, in this case, cannot be avoided. In fact, they are caused
by the difficulty to perfectly follow the human movements with a WR and the impossibility to exactly

know the position of the instantaneous centres of rotation during motion [21].

1.4.1 WR for upper limbs

One of the main applications of WR is for upper limb devices for industry, helping to relieve the
shoulder from fatiguing tasks. The main intent of these devices is to provide a torque to the user so
that the gravity action on the arm is compensated [24]. The exoskeletons efficacy to reduce the
physical strain in demanding shoulder tasks has been assessed by many studies over the years [4],
[23]-[29]. These efficacy assessments directly imply the potential of wearable devices to reduce the
risk of WMSDs insurgence [25]. As a consequence of the promising results obtained with
commercially available devices, many industries around the world have already adopted these devices
in their working environments. A notable example includes a Toyota plant in Canada where WR
devices are used for undercarriage assembly [30]. From the Wearable Robotics Association
Conference (WearRAcon19) held in March 2019 it emerged that other global leaders such as BMW,
Ford, Honda, Nissan, Toyota, and Volkswagen are currently exploiting WR devices [31].

For the design of an upper limb device, a complete knowledge of the arm kinematics is necessary. In
the literature, complete models of the arms have been derived from specific tables [32] and described
by means of the Denavit-Hartenberg (D-H) convention (Figure 2). When considering the full model,
the most common description is by means of a 7 DOFs (degrees of freedom) model, where the

shoulder comprises 3 DOFs, the elbow and the wrist account for 2DOFs each [21], [33].
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Figure 2: Denavit-Hartenberg convention for the description of the human arm [33].



Although the D-H convention provides a detailed mathematical description, a simplified approach
can be used to have a general idea of the forces acting on the shoulder. Since most of the WR for
upper limbs focus on the flexion/extension movement, it is worth reporting the simplified force
scheme used for the design of a supportive mechanism to assist the arm elevation. The force diagram
reported in Figure 3 shows the forces and the corresponding levers that globally generate the torques
acting on the arm [22]. The gravity force acting on the arm (denoted as G) has to be compensated by
the muscles force (Fwm), thus needing the help of additional support (Fs and F;) provided by the

wearable device.

Moreover, the gravity acting on the arm that has to be compensated by the WR action has a force
profile that has a parabolic shape depending on the angle of elevation considered, as shown in Figure
3. As a consequence, the assistive torque profile provided by the exoskeleton has to match the

biological gravitational angle-torque to effectively reduce the load on the upper limbs [27].
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Figure 3: Forces diagram and gravity torque profile acting on the arm during flexion-extension [24] © 2019 IEEE.

As a last point concerning WR for upper limbs, the most important classification can be done by
considering the type of mechatronic system adopted in the design. The distinction is made between
passive and active devices. First of all, passive WR devices are not powered and exploit only passive
mechanical systems. By means of springs/dampers they can store the energy and deliver it when
needed for specific movements [4]. Additionally, they transfer the forces to other parts of the body,
for instance from the shoulders to the pelvic area [4]. Moreover, they do not require power nor control
electronics [34], which implies lighter and safer solutions [4]. On the other hand, active devices
include actuators to augment the human power and to help in the joints movements [25]. Among
electromechanical, hydraulic and pneumatic actuators, the electrical ones are the most used for active

solutions for their high controllability and precision [35].



The design of this type of devices must follow strict requirements on the safety and health of the end-
user. Nowadays, the commercially available devices are mostly passive, such as EksoVest
(EksoBionics, Richmond, California), Airframe (Levitate Technologies, San Diego, California),
ShoulderX (SuitX Emeryville, California), PAEXO (Ottobock, Duderstadt, Germany), and SkelEx
(SkelEx, Rotterdam, The Netherlands).

The reason behind the large diffusion of passive devices relies in some intrinsic limitations of active
exoskeletons. In fact, active devices imply a more complicated safety assessment following the
difficulty to have a correct intention detection to give support to the user only when it is actually
needed [34]. Moreover, an important downside of active solutions if the resulting structure that can
be too bulky and heavy for the end user [36]. On the other hand, passive devices have a hard-coded
mechanical structure to provide the desired support. This solution makes the devices lighter, more

manageable, without control-related issues and intrinsically safer and easier for the end-user [26].

In this general framework, an innovative approach is to explore a semi-passive device. The main
intent of this new solution is to implement a smarter and more adaptive device while keeping the light
and compact design. This thesis work exploits indeed a semi-passive exoskeleton, the H-PULSE, to
provide a bioinspired assistance to the shoulders [36]. This device presents two innovative features:
an active tuning mechanism to regulate the pre-tensioning of the springs and integrated angle sensors
to measure shoulder movements. In order to make the device adaptable to the user movements, this
thesis develops an adaptive algorithm to change in real time the delivered assistance. From kinematic
features computed from the sensors data, the desired assistance is selected and changed in real-time
by modifying the pre-tensioning of the springs. The algorithm efficacy is validated in experimental

trials with a human-in-the-loop testing.

1.5 OBJECTIVE OF THE THESIS

In the field of wearable robotics for upper-limbs, the promising results with commercially available
devices lead the way for the research of new solutions. Starting from passive devices, there is the
increasing need to design more advanced exoskeletons, while maintaining the safety and intuitiveness
of existing devices. The main limitation of passive WR resides in the impossibility to change the
desired level of assistance once it has been set. Facing the variety of industry tasks, that are usually
diversified and less structured, it has been suggested that an on-line adaptation of the level of support

could be a new line of research [4].

To the best of the author’s knowledge, there is no current device that implements such adaptivity

feature. Some solutions tried to implement regulations to change the assistance while the device is
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worn. Most notably, the SkelEx exoskeleton presents three buttons that allow to adjust the peak torque
and assistive torque profile depending on the user needs and performed activity [24]. However, the
manual selection of the support is still required in this solution, since no automatic change is
implemented. Another study explored the possibility to implement a button on the user glove to allow
the worker to increase or decrease the support while working. This solution is straight-forward and is
promising to increase the user acceptance by giving the feeling of control over the device [37].
Although encouraging, the need to introduce a glove may not be optimal for most industry tasks and
implies the risk to reduce dexterity. A clever strategy could be implemented starting from kinematics
information on the user movements. Indeed, this path has been explored in the design of the Stuttgart
Exo-Jacket, an active exoskeleton where the control loop takes as inputs the muscles activations and

the arms movements [35].

Taking inspiration from these results, this thesis aims at developing an adaptive algorithm based on
arms kinematics that can automatically change the support level of the semi-passive exoskeleton H-
PULSE. Kinematics data are extracted from the exoskeleton angle sensors and used to compute the
desired assistance. The algorithm is conceived to be task independent and possesses the ability to
describe the system history be means of a finite difference equation formulation. In order to assess

the algorithm efficacy, a human-in-the-loop validating procedure is implemented.

1.6 OUTLINE OF THE THESIS

This thesis work is structured as follows. Chapter 2 covers the main existing solutions for both active
and passive devices, as well as the main design choices for each wearable robot. In Chapter 3 the
semi-passive exoskeleton H-PULSE is described in details, with subsections dedicated to the
mechatronics and control strategies of the device. Chapter 4 presents a full description of the adaptive
algorithm, with additional sub-chapters dedicated to the offline implementation and simulation. In
Chapter 5 the experimental activities are presented, with an exhaustive presentation of the human-in-
the-loop procedure and the metrics for the efficacy assessment. Finally, Chapter 6 discusses the

obtained results and Chapter 7 represents the final conclusions of the thesis work.
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2 STATE OF THE ART ON EXISTING SOLUTIONS

In this chapter, the main existing solutions related to upper-limb exoskeletons are briefly presented.
The state of the art presents a wide range of examples and, in order to have a clear presentation, these
chapters follow the typical classification used for exoskeletons. Indeed, depending on the type of

actuation, devices can be passive or active.

2.1 PASSIVE SOLUTIONS

2.1.1 PAEXO

The PAEXO (Ottobock, Duderstadt, Germany) device is a passive upper-limb exoskeleton developed
by the German industry Ottobock, a worldwide leader in prosthetics (Figure 4). This exoskeleton is
designed to provide maximum freedom of movement and comfort to the user with a reasonable level

of assistance [4].

This solution is designed to transfer the arms weight to the pelvis, where it is supported by a hip belt.
The assistive part is composed of a support bar, where the necessary torque is generated through a
passive actuator based on a spring mechanism. In the lower part of the support bar, a cable mechanism
transfers the supportive action to the arms. In fact, the cable is connected at one end to the spring,
whereas the other goes to the end of the arm bar. This arm bar is connected to the upper arm bracelets

through a hinge joint.

The amount of support provided depends on the resulting lever length of the arm bar with respect to
its passive joint. The support can therefore easily be manually tuned, making it adaptable to the user
arm weight or to the extra tool mass to be supported. The supportive torque profile has a peak at
around 90 degrees of arm elevation, whereas it decreases to zero when the arms are resting along the
body [29]. A stabilizing structure (straps attached to the hip belt) keeps the device close to the body,

without compromising the shoulder movements [4].

Overall, the device is lightweight (1,9 kg) and allows freedom of movements of the trunk and of the
upper limbs, proving supportive torque when overhead tasks are performed. Moreover, the device
can be adjusted in the hip belt, arm brace and support bar, in order to be adapted to different users’

anthropometries.

Several studies have been carried out to assess the efficacy of this device. A first study found a
reduction in the heart rate and in the muscles activations when using the exoskeleton, concluding that

the use of this device could reduce the shoulder WMSD [29]. Another research highlighted how the
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device did not reduce the range of the human movements, while being helpful during overhead work

to reduce users’ physical strain [4].
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Figure 4: Paexo exoskeleton by Ottobock [4] © 2020 IEEE.

2.1.2 Levitate Airframe
The Levitate Airframe is an exoskeleton developed by Levitate Technologies (Figure 5). This device

is intended to support workers that perform repetitive arm movements and static elevations [26].

The design aims at transferring the weight of the arms from the shoulder and neck to the core of the
body, thanks to the presence of passive elements along the arms. A metallic frame is designed to fit
the user body and allows unconstrained movements. The mechanical passive elements are located

along the arms and provide support to the arm through arm sets.

The support is not active when the arms are elongated along the body, whereas it increases when the
arms are raised. The amount of support given and the angles at which this contribution is delivered
can be manually tuned. More specifically, the exoskeleton has different sets of mechanical passive
elements so that the user can choose the desired level of assistance depending on the task and weight

(if a tool is used) that has to be supported.

The device weighs 2.3 kg and is easy to be worn by the worker. Moreover, it can be custom fit in the
size of the arm-sets, shoulder and waist straps. This characteristic is fundamental for the user comfort,

providing freedom of movements without limiting the workspace.

In recent years, some studies analysed the efficacy of this exoskeleton. One study assessed the
efficacy of the device when used for static and dynamic tasks [26]. The results highlighted an
increased performance and less fatigue perception when working with the exoskeleton. A second
study assessed the benefits of the exoskeleton in terms of fatigue and muscles activations in short

terms real work conditions [30].
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Figure 5: Levitate Airframe exoskeleton by Levitate Technologies [26].

2.1.3 ShoulderX
The ShoulderX (SuitX, Emeryville, CA, USA) has been developed by the Human Engineering

Laboratory of the University of California with the intent of supporting the arms during repetitive and

overhead tasks [24].

The design of this exoskeleton is intended to provide the arm with a supportive torque so that the
action usually performed by the muscles to counteract gravity is relieved. A frame connects the user
to the device, aiming also at redistributing the weights from the upper arms to the hips (Figure 7). An
actuator at the shoulder joint level generates the required supportive torque. The workspace of the

arms is not limited thanks to the 2 degrees of freedom in the spine and 3 in the shoulder [22].

The latest version of the device includes indicators for all settings [24]. This device is designed with
some peculiar features with respect to the main competitors (Figure 6). First of all, an asymmetric
torque profile is used to have a zero-torque range where no support is desired, thus at very low or
very high angles. The zero-torque area is modifiable to some extent, since the main intention is to
keep the curve similar to the natural gravity profile. This approach optimizes the support when

primary work-related overhead tasks are executed, while during secondary movements it avoids.

Another adjustment can change the peak torque position with respect to the angle of elevation and
the level of support. This latter tuning allows to change the amount of torque that the device can
deliver and it can be tuned by manually regulating the spring-cable system present in the actuator.
Lastly, the stiffness of the device can easily be regulated thanks to a coupling of two parallel-

concentrically springs and the corresponding switch [24].
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This exoskeleton weighs approximately 3 kg and has some levels of adjustability in order to adapt to
the user body. In details, a custom fit can be achieved by regulating the hip, torso, shoulder and arms

measures with sets of straps [22].

Different studies have analysed the efficacy of this exoskeleton. In particular, a recent study
highlighted the different possible configurations for the tuneable parameters, concluding that these
customizations have beneficial effects for particular tasks or workers when a suitable tuning is done
on the end-user [24]. Another study highlighted a reduction in the rotator cuff activity and therefore
concluded that the support provided by this device could help preventing the insurgence of WMSDs
[22].
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Figure 6: ShoulderX actuation mechanism with different possible adjustments [24] © 2019 IEEE.
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Figure 7: ShoulderX exoskeleton [22)].

2.1.4 EksoVest
EksoVest (Ekso Bionics, Richmond, CA, USA) is an exoskeleton conceptually similar to its
competitors, but it adopted a different mechanism around the shoulders. In particular, the momentum

is generated around the shoulder and transferred to the arms cuffs by means of a hinge mechanism
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[38]. In this way, this device does not have any shoulder pads differently from many other existing
solutions, which make it appealing in all applications that are performed in hot environments. The
movements are not impeded thanks to a patented stacked-link structure that follows the shoulder

movements in the full range of motion proving the correct joint alignments.

The support increases gradually when the arms are raised and at the same time the supportive torque
can be easily tuned off by the user [38]. The support level can be tuned by the user by swapping out

the set of compact gas springs and the levels of assistance can be tuned differently for each arm.

The wearable exoskeleton has the possibility to be regulated to optimally fit the end-user, in addition
it weighs 4.3 kg, which is slightly more than the competitors. The back pads and trunk length can be
easily adjusted [38]. Moreover, unrestricted movements are allowed even for extreme body postures,

like full overhead.

In recent years, some studies investigated the effectiveness of this device. A study analysed the device
when it was firstly introduced in the market and simulated the tasks where the workers could possibly
benefit from this exoskeleton. It was observed a reduced muscles activity and faster working, but also
highlighted higher errors and the need of a training period for the workers to adapt to the wearable

device [38].

2.1.5 SkelEx
SkelEx (Skel-Ex, Rotterdam, Netherlands) is a wearable robot conceived for light repetitive tasks and

co-developed with various partners that started from the users’ needs and feedbacks [39].

The structure of this wearable robot is made by a backpack-like structure, with the peculiarity of
having two flat springs in the back (Figure 8). These springs can store the kinetic energy when the
arms are lowered along the body, so that when the arms are raised again, the exoskeleton can assist
the movement by providing a supporting torque. The support is given to the user thanks to padded

cuffs that are positioned under each arm and that are directly connected to the back springs.

The device is able to adapt to the user movements and shape, allowing the shoulder to move freely.
The energy stored is able to deliver a support to compensate the gravity effect on the arms, while
transferring the forces to the lower part of the body. The exoskeleton weighs just 2.5 kg and has
adjustable belt straps and hip belt [40].

This device originated from a study ordered by Skel-Ex industry. The aim of this trial was to analyse
the critical movements and postures in order to produce an assistive device to reduce the upper body
stress during job tasks [39]. The study concluded that the exoskeleton reduces the cardiac cost when

following a repetitive protocol using short time tasks. The same authors conducted another study in
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order to implement a familiarization protocol to introduce the device to the users. They highlighted
how the use of an exoskeleton is not intuitive thus the need for a familiarization protocol for better
performance and acceptance [23]. Finally, a study investigated the effects of this device on muscles
activation, showing that the shoulder muscle activations had significantly lower amplitudes when

wearing the device [40].

Figure 8: SkelEx exoskeleton developed by SkelEx [41] © 2021 IEEE.

2.1.6 MATE

A last example worth mentioning is the wearable device developed by COMAU, an Italian company
based in Turin and leader in the robotic automation field. In recent years, from a collaboration with
IUVO, a spin-off company of Scuola Superiore Sant’Anna and Osslir, a worldwide leader in
prosthetics, they developed a passive upper-limb exoskeleton called MATE (Figure 9). A first
prototype called Proto-Mate was firstly tested, then the MATE was introduced into the market, and

its latest model, MATE XT, has recently being commercialized.

The Proto-MATE was designed with the intent to assist workers in overhead tasks, together with a
compact and lightweight design [27]. The exoskeleton has a human-machine interface (HMI), which
1s made of a back support structure and all the connections to the body, like the shoulder straps, arms
cuffs and belt. The back structure is a T-shaped aluminium frame responsible for redistributing the

forces from the arms to the pelvic area.

The torque box generator is the passive actuation component that includes two parallel elastic springs
that can store energy and deliver it when needed for the assistance. The assistance is generated with
a system of two connected gears, one coupled with the shoulder joint and the other not concentrically

connected to the springs.
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Figure 9: MATE exoskeleton design [27] © 2020 IEEE.

The support is not active when the arms are lying along the body, whereas it gradually increases when
the arms are elevated. The MATE can be tuned to deliver four different discrete levels of assistance,
all having a maximum delivery of support corresponding to the arms at 90 degrees. More adjustments
can be made to fit the device to the worker, hence the back frame, width and straps on shoulder and

belt allow to fit to the user.
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Figure 10: Torque profile of the assistance given by MATE exoskeleton during the flexion-extension of the shoulder [27] © 2020
IEEE.
The Proto-MATE weighs 3.5 kg and has a kinematic structure that was conceived with the intent to
enable self-alignment to the human joint axes. The commercial version of the device (the MATE)
weighs about 4 kg, while the last version, called MATE-XT, weighs from 3 kg to 4.5 kg (depending
on the size) and has regulations to adjust the device on the worker [42]. The MATE-XT includes 8
levels of assistance and a redesigned mechanism to facilitate donning and doffing procedures (Figure
10). Moreover, a lighter carbon fibre structure is implemented as well as more resistant elements that

make the wearable robot resistant to water, dust, UV and large temperature ranges.
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The effectiveness of this device has been assessed by many studies. First of all, a preliminary study
tested the pre-market version of the device, named Proto-MATE. This analysis highlighted a reduced
physical strain in the shoulder muscles when performing simulated trials similar to assembly tasks
[27]. Another recent work compared the MATE to other existing exoskeletons, Paexo and ShoulderX.
The authors highlighted a similar reduction in muscle activity between the different models, with a
slighter decrease in the muscles activation when using the Paexo. Overall, the devices gave similar

benefits to the users, significantly reducing the effort needed for the simulated tasks [43].

2.2 ACTIVE SOLUTIONS

2.2.1 ABLE

In the field of active wearable robots, the challenge to design a device that correctly detects the user
intentions is still an open challenge. Among the existing solutions, the French Atomic Energy
Commission developed the ABLE 7-axes upper-limb exoskeleton (Figure 11). This device is
conceived for industrial and medical applications, but it was at first used for post stroke patients as a

rehabilitation tool [44].

The device is made of 7 non-anthropomorphic axes that can follow the arm human movements, also
including a wrist part to carry a tool and orient it depending on the intended task [17]. Along the
device, a haptic interface allows to have force feedback on the entire arm. The transmission system
is based on the patented Screw and Cable System that uses a screw and a cable with a ball-screw to
isolate the system from perturbative bending moments. Thanks to this solution, the system can have

very low and stable dry friction and transfers in a highly linear way the obtained torque.

A crucial element in active devices is the controller, which for this robot was intended to be as
transparent as possible. The two main functions for this control strategy are the dry friction and the
weight compensation. The latter is designed to compensate the effect of gravity on the arm so that the

user does not have to make any effort to keep the robot in a certain position.

The exoskeleton was tested on a static overhead screwing task [17]. The results highlighted a reduced
mechanical energy and an increase in the cycle time when performing the task with the help of the
ABLE exoskeleton. At the same time, this study only used three axes of the device during the defined

task, suggesting that the minimum necessary number of degrees of freedom is still to be investigated.
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Figure 11: ABLE exoskeleton developed by the French Atomic Energy Commission [45].

2.2.2 LUCY 2.0

Among active exoskeletons, a recent work developed a hybrid active device called Lucy. The first
model originated from the study of force paths along the body, assisting the upper arms and
transferring the forces from the tool and arms to the pelvic area. A simple one degree of freedom

structure was actuated with pneumatic cylinders and showed promising results in terms of pressure

adjustability [37].

The mismatch between the human joints and the robot structure led to the creation of an improved
version of the device, called Lucy 2.0 (Figure 12). This exoskeleton is a hybrid solution since it
integrates both rigid and soft structural elements and both passive and active degrees of freedom.
Concerning the actuation mechanism, a simple control scheme is implemented to regulate the

pressure in a solenoid valve and therefore the support of the upper arm [37].

The control is based on different inputs, since the level of support is adapting during the work
depending on the load and on the performed movements (Figure 13). In order to achieve this, three
types of information are used to compute the desired support: the selected overall degree of support,
the button at the tool tip to select additional support and a linear potentiometer that oversees the arm
elevation. Afterwards, a pressure control loop controls the valves pressures depending on the
computed pressure value. The obtained supportive torque is changing over the shoulder range of

motion, reaching its maximum when the arms are elevated horizontally.
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Figure 12: Lucy 2.0 exoskeleton [37] © 2018 IEEE.
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Figure 13: Control loop of the Lucy 2.0 exoskeleton [37] © 2018 IEEE.

A study analysed the benefits of this type of support, in order to investigate whether the benefits of a
more complex active device could overcome the higher complexity. Different tasks were performed,
such as fastening, screwing and grinding. The results showed that muscle activity was reduced when
some tasks were performed with the help of the exoskeleton. On the other hand, other tasks did not
show such high reduction, leading the authors to conclude that not all types of work would need an
active exoskeleton. At the same time, participants in the study appreciated the presence of the button
to control the exoskeleton, which is an important aspect when it comes to user acceptance of the
device. Lastly, a stabilizing action was observed in the shoulder when using the device, implying the

wearable robot led to both muscle activity reduction and joint stabilization [37].

2.2.3 Stuttgart Exo
A last example among active devices is the Stuttgart Exo-Jacket developed by the Fraunhofer Institute
for Manufacturing, Engineering and Automation in Germany (Figure 14). The intent of this wearable

device is to reduce the musculoskeletal injuries related to industry in both the logistics and montage

fields [35].
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The kinematic chain of the exoskeleton is conceived so that the range of motion of the upper body is
not reduced and kinematic incompatibilities are avoided. In order to limit the micro misalignments
between the wearer and the device, the active drive is placed on the shoulder. The exoskeleton has 12
degrees of freedom where only 3 are active. The remaining DOFs are passive and have spring

mechanisms to compensate the weight of the device on the arm.

The actuation is performed with EC-motors and Harmonic Drives, so that overall, the structure is
compact and can be easily mounted on the joints. The shoulder drive can generate a supportive torque
up to 40 Nm, whereas the one for the elbow can reach 25 Nm. In the device, sensors are inserted to
take measurements for the joint angle and speed. Moreover, force sensors can measure the force along

the arm and on the user glove.

The main principle for this device, similarly to what happens with passive ones, is to transfer forces
from the upper limbs to the hips and then to the ground. For this intent, a backpack-like structure is

implemented and it can be integrated with a lower-limbs exoskeleton to transfer forces to the ground.

___——Shoulder joint

"7~ Shoulder kinemtaics

. Motion Controller
Elbow joint

"  Bracing
__—Force sensors

. Processor

“$pinal modul
- - Battery

Figure 14: Stuttgart Exo-Jacket developed by the Fraunhofer Institute for Manufacturing, Engineering and Automation [35] © 2017
IEEE.

The control mechanism is not easy since automatic support detection and control is still an open
challenge when designing active devices (Figure 15). In this case, firstly a state machine is used to
recognize the states of the system and activate the proper high-level controller. Then, when the arm
motion is recognized, a force booster acts as a force control to help the uplifting movement of the
arm. A gravity compensation term acts in parallel so that the additional arm weight from gravity is
added and compensated during the movement. It has to be underlined that a parameter identification
procedure is necessary with a reference homing movement so that the control parameters can be

tuned.
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Figure 15: Control architecture of the Stuttgart Exo-Jacket [35] © 2017 IEEE.

A first design of this device analysed the control mechanism explained above. Moreover, a study
highlighted the design features and the possible future use in industry of such wearable robot. At the
same time, it suggested that the design process should take into account the ergonomic benefits as
well as the comfort for the end-user [35]. Another recent study implemented a new control strategy
on this exoskeleton, considering a force interaction control and automatic support control. The former
produces a supportive torque from the estimation of the muscle force acting on the exoskeleton,
whereas the latter is based on the gravitational compensation torque and the biceps muscle activations.

Overall, the classification is based on Hidden Markov Models [46].
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3 H-PULSE

In the wearable robots’ field, passive exoskeletons for industrial applications are the most common
solution and many models are nowadays commercially available. They can store the energy
exploiting just passive mechanisms like springs or dampers and then deliver precise forces to the
body [4]. It has been demonstrated that these devices can effectively relieve muscles from the required
effort [30] and they do not require power nor control electronics [34], which implies lighter and safer
solutions [4]. On the other hand, this kind of exoskeleton shows significant inertia [47] and it can lead
to discomfort in case of joints misalignments. At the same time, antagonist forces may be necessary

to return to the resting position [47].

Some studies have explored active exoskeletons, which usually include an adjustable level of support
[37], [46]. The forces are delivered to the body by means of actuators that augment the human power
and help in the joint’s movements [25]. This field is promising but it still has some unresolved
problems. The intention detection is still a difficult challenge [34], since it is not straightforward to
give support to the user only when it is actually needed. Moreover, the automatic control of the
support is still lacking a reliable approach [46] and the resulting structure can be too bulky and heavy
for the end user [36].

In between the passive and active solutions, a new category can be introduced. Semi-passive devices
can be designed to exploit low-power actuation units to modulate the behaviour of the passive spring
mechanisms of passive exoskeletons and therefore provide exoskeletons with a certain degree of
adaptivity to different tasks performed by the user [36]. In the state of art of industrial upper-limb
exoskeletons, there exists just one solution implementing a semi-passive mechanism, which is the
device used in this thesis work. The exoskeleton is the H-PULSE, a novel semi-passive upper-limb
exoskeleton with motorized tuning of the assistive level [36]. The exoskeleton was developed by

IUVO S.r.l. (http://www.iuvo.company, [48]), a spin-off company of Scuola Superiore Sant’Anna,

within the H2020 HUMAN project (Grant Agreement n. 723737, website:

http://humanmanufacturing.eu). The technology is patent pending [49].

The main design novelties implemented in the H-PULSE with respect to passive devices are an active
tuning mechanism and integrated angle sensors. The former is composed of a spindle drive coupled
with a servomotor allowing the automatic adjustment of the spring pre-tensioning which determines
the assistive torque peak. The latter is represented by integrated sensors can estimate the user’s

shoulder kinematics in terms of the flexion-extension angle.
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3.1 SYSTEM DESCRIPTION

The device is composed of the physical Human-Robot Interface (pHRI), the chain of passive degrees
of freedom (DOFs), and the mechanism generating the assistance (called the active box). In this
subsection, each part is described in details. The device weighs 5 kg and is conceived to have a safe

and compact structure, to assure kinematic alignments and to avoid protruding parts.

3.1.1 pHRI
The pHRI is made of a T-shaped frame in aluminium alloy and adjustable pelvis and shoulder
supports, making the device resemble a vest-like orthosis. In order to be comfortable to the user, the

components in contact with the human body are padded with soft fabric (Figure 16).

The donning and doffing procedure is quick thanks to the pelvic belt. The stability on the iliac crest
is guaranteed by an additional pair of straps that are fastened around the pelvic area (designed by
Ossur, Reykjavik, Iceland). The shoulders are stabilized with a strap linking the left and the right
shoulder, which guarantees steadiness during the use. C-shaped cuffs are used to connect the user’s

arms to the active box on each arm and they can be tightened with Velcro straps.

Shoulder belt

Active-box
T-frame

Backpack

Arm cuff

Waist belt

Figure 16: H-Pulse pHRI [36] © 2020 IEEE.

3.1.2 Passive DOFs chain

When designing a wearable device, particular attention must be put in the degrees of freedom (DOFs)
chain, which must be compliant with the physiological range of movement of the shoulder. The
glenohumeral joint has three degrees of freedom: flexion-extension, abduction/adduction and
internal/external rotation. Moreover, additional movements for the shoulder complex are the
elevation/depression and protraction/retraction. Taking into account all these possible movements
and to avoid to hinder the joint movements, a total of five DOFs is included in the design (Figure 17).

A sliding joint (P1) is connected in series to a rotational joint (R1), both accounting for the
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adduction/abduction. The R1 is orthogonally connected to another rotational joint (R2) which,
combined with P1, allows internal/external rotation and retraction/protraction of the shoulder. The
chain continues with a rotational joint (R3), which is assisted by the action of the active boxes and
allows the flexion-extension movement. A sliding joint (P2) is introduced in the arm cuffs linked to
the active box. This last DOF is introduced to enable the exoskeleton to follow the vertical

translational movement of the shoulder is case of high flexion angles.

Figure 17: H-Pulse chain of passive degrees of freedom [36] © 2020 IEEE.

3.1.3 Active box

In order to generate the assistive torque, an active box is implemented in the exoskeleton (Figure 19).
The actuation is composed of two gears: the shoulder gear in correspondence to the shoulder axis and
the lever gear connected with the shoulder gear and with the carter of the active box with a spring.

During the flexion-extension, the two gears move with respect to each other.

The connection of the spring is made in an eccentric way so that the generated torque is opposite to
the gravity during the arm movement. Indeed, Figure 18 shows the angle-torque relationship: the
shoulder flexion-extension angle in relation to the assistive torque has the same parabolic shape as
the gravity acting on the human arm. The shoulder flexion-extension joint angle is measured through
a 13-bit magnetic absolute encoder (RMB20, RLS®, Komenda, Slovenia). Moreover, the assistive
torque is maximum at 90 degrees of flexion-extension and is null at 0 and 180 degrees. The spring is
under tension on the whole range of motion of the arm (from -25 to 180 degrees) in order to avoid

discontinuities in the torque profile.
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Figure 18: H-Pulse torque profiles generated by exoskeleton for different spindle positions [36] © 2020 I[EEE.

The peak torque of the mechanism depends on the pre-tensioning of the spring and it can be varied
from 4.5 Nm to 6 Nm. The pre-tensioning is set with a motorized system that enables an active and
automatic tuning of the assistance level: the sled of one side of the spring can be moved with a spindle
drive mechanism (GP 228, reduction ratio: 333:1, Maxon Motor, Sachseln, Switzerland). The spindle
drive is coupled with an 8W brushless motor (EC-max 16, Maxon Motor, Sachseln, Switzerland).
The spindle has a 32-bit incremental encoder (Encoder MR Type M, 512 CPT, Maxon Motor,
Sachseln, Switzerland), to measure the absolute position of the spindle drive from a given initial
known position when the system is started up (homing procedure). For this intent, a Hamlin 55100

Hall sensor (Littlefuse Inc., Chicago, IL, USA) is used.

Lever-gear

Relative encoder

Shoulder-gear
Servomotor

Spindle drive

Active-box
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Vertical
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Figure 19: H-Pulse active box mechanism [36] © 2020 IEEE.

3.2 CONTROL SYSTEM

The control system of this device consists of a two-layer hierarchical architecture: a low-level control

layer (LLCL) and a high-level control layer (HLCL). The control system runs on a NI system-on-
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module (National Instruments, Austin, TX, USA), with a dual-core real-time ARM controller and a
field programmable gate-array (FPGA) processor (Zyng-7020, Xilinx, San José, CA, USA). The two

control layers are described in this section.

The LLCL runs on the FPGA at 1kHz and reads the sensors signals and drives the servomotors to set
the pre-tensioning of the springs. A position control loop operates with a proportional controller that
acts on the error between the desired position of the spindle drive (pdes) and the actual position (pact).
A bench test on the position controller obtained an average steady-state error lower than 0.02 mm.
The output current for the servomotor is controlled with an Elmo Gold Twitter 15/100EE (Elmo

Motion Control, Petach-Tikva, Israel).

The HLCL runs on the real-time ARM controller at 100 Hz and is responsible for the selection of the
desired assistive level, corresponding to a precise pre-tensioning of the spring. Discrete levels of
assistance are pre-set and can be chosen depending on the desired assistance required from the device.
The number of possible discrete levels of assistance can be chosen in the design phase. In a first study
on the H-PULSE, three possible discrete levels are implemented, namely low, medium, high, but it
has been suggested that further studies can enlarge the choice to more discrete levels. This control
layer has a graphical user interface that allows for the selection of the desired assistance level, the

visualization and saving of the data [36].

This work aims at developing an innovative adaptive control algorithm for the automatic choice of
the assistance level depending on the performed movement. The algorithm is implemented in the
HLCL in order to automatically change the assistance level, without the need to manually select the
assistance level before the use. The HLCL chooses the desired assistance level depending on the
movements of the arms and feeds the information to the LLCL: the low-level layer is then responsible
to change the spindle position in real time. Figure 20 shows the control layers architecture with the

HLCL and the LLCL: the adaptive algorithm is implemented in the higher control level.
HLCL LLCL

encoder Drive

Tas - 7
— Adaptivealgorithm -—'b?—» P controller —# Elmo Driver —b Servomotor — I"cremental __ - Spindle
- ]

Pact

Figure 20: H-PULSE control layers, adapted from [36] © 2020 IEEE.
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4 ADAPTIVE ALGORITHM

In the literature, passive exoskeletons are widely used and exploited in industry and have shown
interesting results in reducing the physical strain and fatigue during demanding overhead tasks [4],
[27], [38], [40]. Opening the way to new advanced solutions, the H-PULSE exoskeleton is an
innovative semi-passive device with motorized tuning of the assistance. This exoskeleton is a research
prototype, however it showed benefits in reducing the muscles’ strain similarly to passive
competitors. Indeed, a previous study has highlighted how the H-PULSE has a great potentiality in
reducing both the muscles activity and the heart rate while performing prolonged static overhead tasks

[36].

In passive devices, once the support level is determined it remains fixed at the set level for the whole
duration of the work task. This aspect represents the main limitation of passive devices, since it has
been suggested that that industry tasks are usually diversified and might need different support
depending on the performed movements [4]. In the state of the art, control strategies for WR are
widely studied for both active solutions [44], [46] and for soft robotics applications [34], [47], [50],

whereas they are still to be explored for passive devices.

Some studies explored the possibility to implement regulations for passive devices. More advanced
versions of passive exoskeletons have a certain number of settings that allows the regulation of the
device support depending on the user biomechanical measures or performed task. For instance, the
SkelEx exoskeleton presents a button to regulate the peak toque depending on the performed activity
[24] and the Proto-MATE allows the choice between four discrete levels of assistive torque profiles
[27]. Although promising, both these solutions implement changes that require a manual selection of
the support, whereas to the best of the author’s knowledge there is no current passive or semi-passive

device implementing an automatic change of the support.

Therefore, the research is still open to find new solutions for the automatic control of the assistance.
A clever strategy to determine the needed support could be implemented starting from kinematics
information on the user movements. This concept is used for the design of the active exoskeleton
Stuttgart Exo-Jacket, where the control loop takes as inputs the muscles activations and the arms
movements [35]. This idea cannot be applied to passive devices, since they do not possess the
electronics to implement this kind of control action. However, thanks to its semi-passive design, the
H-PULSE can exploit the information on the user movements extracted from the sensors to adjust in
real time the support level. The main goal of this thesis work is indeed the development and

implementation of an adaptive real-time control strategy for the automatic selection of the assistance
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level of the H-PULSE exoskeleton. The developed algorithm is based on the observation of the task-
related shoulder kinematics to automatically adjust the assistance the exoskeleton has to provide. This
adaptability feature represents an innovative and promising way for the automatic online selection of

the desired support level of exoskeletons.

When designing the algorithm, some considerations must be made in order to decide when a greater
or smaller support is desired. Therefore, some hypotheses are made starting from biomechanical

considerations and from previous studies on the shoulder movements:

e A passive exoskeleton can reduce the physical strain in both static and dynamic tasks [22].
However, during a static task, a higher level of support is preferred and it has been observed
that it can significantly reduce the muscle strain [28], [40]. On the other hand, it has been
observed that the triceps muscle, responsible for extending the shoulder in opposition to the
exoskeleton support torque, increases its activation when higher levels of support are selected
[22]. This implies that during more dynamic tasks, when the user has to contrast more the
exoskeleton support, it might be preferrable to have a lower support in order to avoid possible
activation of antagonist muscles.

e The most demanding position for elevated arms is when the shoulder flexion-extension angle
is around 90 degrees. It must be recalled that the gravity acting on the arm during flexion-
extension has a parabolic shape with a peak at 90 degrees [24], [27]. This aspect has to be
taken into account when considering the needed support for static postures: the support has to

be maximum around 90 degrees.

The challenge to develop an adaptive algorithm is still open in the research field. A first attempt to
develop an adaptive algorithm for the H-PULSE has been previously done. Briefly, this algorithm
considered the static or dynamic nature of the movement to set the desired level of assistance.
However, although validation activities are still ongoing, preliminary results are promising, showing
that the exoskeleton can provide different levels of assistance as the performed task changes. In this

thesis work, a different approach was followed.

4.1 ALGORITHM LOGIC

The logic behind the developed algorithm is explained in this chapter. To command the desired
assistive level by the exoskeleton, the proposed algorithm exploits the shoulder kinematic information
measured by means of the exoskeleton integrated joint sensors. In particular, the joint angles and
velocities are measured and stored in a 6-seconds buffer (i.e. time window), and used to extract the

relevant features to compute the algorithm desired output, namely the assistance level that the
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exoskeleton provides during the next time window. These calculations are performed in the HLCL of
the exoskeleton, while the desired assistance level is sent to the LLCL of the exoskeleton in order to

change the position of the spindle, as shown in Figure 21.

[ HLCL: high level
sFE angle L control layer

[ LLCL: low level
New level L Contml Iayer

of support

Figure 21: Control layers of the H-PULSE.
It is worth noting that there are seven possible discrete levels of assistance, each corresponding to a
predefined pre-tensioning of the spring and thus to a precise position of the spindle. Table 1 shows
the mapping between the discrete levels of support and the corresponding positioning of the spindle

expressed in [mm)].

Discrete levels Spindle positions [mm]
Level 0 0
Level 1 2
Level 2 4
Level 3 6
Level 4 8
Level 5 10
Level 6 12

Table 1: Discrete levels and corresponding spindle positions in [mm)].
The duration of the time window used for storing sensors data has been chosen taking into
consideration the time needed by the actuation system to vary the springs length between two
consecutive positions. In fact, the spindle drive takes approximately 5,5 seconds to change from one
discrete level to the next, therefore covering a distance of 2 mm in the spindle position. When a new
level of assistance is set, the system has to change at least one discrete level before a new level can

be commanded.
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Briefly, the proposed adaptive algorithm is composed of three major steps:

1) First, the absolute encoder reads the joint angles during the flexion-extension of the arm over

a 6-seconds time window and extracts relevant features.

2) Second, calculated features are used to compute the outputs of cost functions.

3) Third, the cost functions contributions are used to compute the assistance level for the next

time window, which is then saturated and discretized.

The following subchapters will describe in details each step of the adaptive algorithm developed in

this thesis and that is schematically depicted in Figure 22.
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Figure 22: Adaptive algorithm control architecture.

4.1.1 First step: features extraction

In the first step of the algorithm, the encoder reads the angular position of the arms during the flexion-

extension movements over a time window of 6 seconds. The shoulder flexion-extension angle (SFE

angle) is sampled at 100 Hz and its values are collected in a 6-seconds buffer. From the joint angle

(0), the angular velocity (8) is computed for the same time window and stored in an additional buffer.

Then, from the angular position and velocity buffers, different movement-related features are

extracted. A feature is computed for a 6-seconds time window, therefore every 6 seconds a new value

for each feature is calculated from the values stored in the buffers. The features are indicated with the

appendix k since they are computed for the k-4 time window and they are the following:
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e x,: sinusoidal function of mean sFE angle (mean value of 6 buffer). This behaviour has been
chosen so that this feature has a similar profile with respect to the torque one due to the gravity
force acting on the arm during flexion-extension:

mean(60)

X = sin ( 180

*71')

e w: RMS (Root Mean Square) of the absolute value of the velocity. The RMS value of the 8
buffer is taken into account, since it can be used as an index of the energy associated with that

signal:

YN 16:12

Wy = N

e a;: amplitude of the movement, in terms of peak-to-peak distance. The maximum and the
minimum value of the sFE angle in the 6 buffer are subtracted to quantify the maximum
excursion of the sFE angle over the chosen time window:

a;, = max(6) — min(6)

Then, the features values are normalized. The main reason behind the normalization is to have all the
features varying within the same interval, chosen to be [0,1]. This point is of paramount importance
in order to have in the final formula a linear combination of features all contributing with the same
weight. For the normalization, the peak values are taken from experimental data or from

biomechanical considerations, as follows:

o x)'™ = x, € [0,1] : by construction the used sine function is constrained in this interval. In

particular, the maximum value of 1 happens when the sFE is around 90 degrees, whereas for

sFE angles of 0 or 180 degrees the feature is zero.

o whorm = #’;g/s : the peak value for the RMS of the velocity is chosen from experimental

datasets. In fact, during experimental activities, the maximum value for the velocity RMS is

about 140 deg/s in case of fast arms movements.

o allom = 18(;1’;eg: the peak value for the amplitude is chosen from biomechanical

considerations. In fact, during the flexion-extension movement, the arm can cover a maximum

range of 180 degrees from the position where the arms are resting along the body to the
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maximum elevation of the arms above the head. Positions where arms are going behind the

frontal plane are not taken into account since this case are not very common.

Finally, the features values for the k-t time window are collected and stored. In this part of the
algorithm also the features from the previous time window, called -/, are taken into account. The

output matrix from this first step contains the 3 features for each of the time windows & and &-1:

Norm Norm _Norm Norm Norm _Norm
[X » Wi » A s X1 W2 a2

4.1.2 Second step: cost functions contributions
In the second step of the algorithm, the features computed for time widows & and k-1 are used inside

cost functions. The outputs of each cost function are then summed together to obtain an overall sum

called }}; f;.

For the computation of the cost functions, two different approaches have been explored. In both cases,
the main intent was to obtain a sum of the cost functions contributions (3; f;) that can be used in the

computation of the assistance level for the next time window.

4.1.2.1 P-like formulation
The first approach explored was the P-like (proportional) formulation. In this formulation, only the
features from the k-th window are considered. The functions for the computation of the sum of cost

functions contributions are the following:

° xNOT'm € [0’ 1]
o wi™€[0;1]

e af™ € [0;1]

The proportional definition came from the fact that only the terms from the last time window are

taken into account. The final linear combination of the features is the following:
Zf — x}l{\lorm ’I(Vorm _ allgorm (1)
l

The signs of each term of Equation (1) are set according to the desired contribution of each feature.

For the x§°"™ that considers the mean sFE angle, a positive contribution is needed since when the

Norm Norm

arms are elevated a greater support is desired. The wy and a; °"™, on the other hand, have a
negative contribution since these two features indicate a dynamic movement. During this kind of
actions, a lower level of support is wanted since the exoskeleton does not have to impede the

movements when the user performs a fast (high wi °"™) or ample (high ay°"™) movement.
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This first implementation showed promising results with a relatively simple formulation. However,
it considers only what happens in a certain time window, thus it can sense less the changes in the
system behaviour and the algorithm output is slower in following the system evolution. These
limitations were overcome with a more detailed formulation that considered also the values of the

features from the previous time window (k-1).

4.1.2.2 PD-like formulation

The second implementation was called PD-like (proportional-derivative). In this case, the features
from both time window k and time window k-/ are considered. Therefore, also the feature variation
from k-7 to k is taken into account to consider the feature evolution over two consecutive time
windows. This is the reason behind the naming of this formulation: proportional terms are considered

(features in k), but also derivative contributions (features variations from -1/ to k).
The cost functions contributions in this case are the following:

o xpT™ € [0;1]
o wi™ € [0;1]
« @M e[0;1]
o x0T — x0T € [-1;1]
o wporm _ylorm e [—1;1)]

o ayor™ — gt € [—1;1]

These cost functions contributions are linearly combined in the following way (2):

Z fl — xllélorm + (xIICVorm _ xIIcVBIm) _ W}I(Vorm _ (Wllc\lorm _ W]I(Vi);m _ agorm (2)
i
_ (agorm _ aginl‘m

Similar to the previous formulation, the signs of Equation (2) are chosen according to the desired
contribution. For the x °"™ proportional and derivative terms a positive contribution is needed. The
assistance level is increased in case the arms are elevated (proportional term contribution) or when

there is an increase in the arms elevation (derivative term contribution).

For what concerns wj "™ and al°"™, their proportional and derivative parts both have a negative

contribution. In case a dynamic movement is performed (proportional term contribution) or starting
(derivative terms contribution), a negative contribution is wanted. In fact, during more dynamical

tasks a lower level of support is desired since the exoskeleton does not have to hinder the user.

38



This second version (Equation (2)) of the algorithm showed some advantages with respect to the
previous implementation (Equation (1)). In particular, it is faster in adapting to the system evolution
in time, more responsive to system changes, and more accurate to follow the system behaviour. This

behaviour is related to the more detailed formulation, with proportional and derivative contributions.

4.1.3 Third step: assistance level change and dynamic saturation

In this third and last step, the level of assistance for the next time window is decided. The values
needed for this step are the sum of the cost functions contributions }}; f; and the currently commanded
assistance level Aj. The first is obtained from the computations described above (Equation (2)),
whereas the latter is the assistance level computed in the previous time window (in k-/) and then

commanded to the system for the k-#4 time window.

The assistance level for the next time window (k+1) is computed according to the following relation

(3):
App1 = A + Zfi ®)

This simple computation implements a finite difference equation. In fact, Equation (3) is a linear
combination of features from consecutive time windows. The level A is a value computed in the
previous time window that considered the values in k-1 and k-2, whereas the sum }}; f; is obtained
from a linear combination of features in k and k-1. This aspect allows to have a formulation that takes

into account the system history and its variations over time.

During the development phase of the algorithm, a limitation of the proposed formulation was
encountered. As a matter of fact, in case of a stationary static condition, A, ,, always increased and
reached the maximum assistance level, regardless of the mean sFE angle. However, this behaviour
was not desirable; it was indeed preferred to have a value of A, that in stationary conditions takes
into account the value of the sFE angle, namely the angular value around which the movement is

performed.

To tackle this problem, a dynamic saturation of the assistance level was therefore implemented: the
maximum value for A, is given by dyn_sat, which depends on the mean sFE angle of the last

observed window according to the following relation (4):

mean(sFE)
_ %
180

“4)

dyn_sat = 6 x sin ( m)?
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Equation (4) was built with the goal of having a sinusoidal profile for the dynamic saturation. In fact,
this function shape recalls the parabolic profile of the gravity torque acting on the arm during flexion-
extension. Indeed, the maximum reachable assistance level depends on the sFE angle and thus the
required gravity torque that the exoskeleton has to compensate during the elevation of the arm.
Moreover, Equation (4) is elevated at the power of 2 so that the shape of this function is less steep
than a simple sine. In fact, the intention was to have the lowest assistance for angles below 20 degrees
or above 160 degrees, similar to the approach in [24]. Therefore, after the computation of the
assistance level Ay, according to Equation (3), its value is saturated at a value given by dyn_sat

(Equation (4)).

As a final step, the discretization of the computed assistance level is performed. In fact, the possible
assistance levels that can be commanded to the system are seven discrete values (Table 1). The
mapping from the continuous to the discrete value is made with the nearest integer approximation
(i.e. 5.5 1s 6 and 4.2 becomes 4). The discretized assistance level (A, 1)4 1S then passed to the LLCL

that is responsible for the spindle drive movement according to the commanded level.

4.2 OFFLINE IMPLEMENTATION OF THE ALGORITHM

The algorithm was first implemented and tested offline in the MATLAB R2019b (The MathWorks,
Natick, MA, USA) environment, where some datasets are used to analyse the algorithm behaviour.
In particular, this chapter reports some relevant datasets examples along with comments on the

corresponding algorithm behaviour.

A first test was done with a varied dataset to see the evolution of the algorithm output in case of a
sequence of diverse movements (both dynamic and static) at different sFE angles. Figure 23 shows

the sFE angle behaviour and the corresponding algorithm values.
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Figure 23: Adaptive algorithm behaviour on a given dataset.
The algorithm accurately follows the system behaviour in time. In fact, the sum of cost functions
contributions (3; f;) depicts what is happening in the system: for more static movements it has a
positive value. On the other hand, in case of more dynamic movements, the cost functions sum is a
negative value. This results in an overall assistance level that is greater in case of static tasks, whereas

it is lower when a dynamic task is performed.

It is interesting to analyse also each cost function contribution behaviour with respect to the system
evolution. Figure 24 shows each cost function and its behaviour in time, with the proportional
contribution (k appendix), as well as the derivative contribution (k-/ appendix). An important
difference can be remarked for proportional and derivative terms. Proportional terms can assume
similar values for consecutive windows, since they describe what is happening in a certain time
window and the system can maintain the same value for consecutive time windows. On the other
hand, derivative terms tend to have spikes and less constant values. This is due to the fact that they
describe system variations over consecutive time windows, so they assume a certain value only when

the system is changing, whereas in stationary conditions the derivative terms are zero.
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Figure 24: Cost functions contributions behaviours.

As a last step, the support level obtained from the algorithm has to be discretized. The mapping to the
discrete values is shown in Figure 25: both continuous (4j,,) and discretized (Ax,1)q values are

shown.
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Figure 25: Algorithm output value and discretized value.
Another aspect that has to be underlined is the dynamic saturation action on the system output. This
function is introduced as upper limit for the computed assistance so that the maximum reachable
support depends on the sFE angle. It can be seen that the algorithm reaches the maximum level of 6
only when the sFE angle is around 90 degrees. On the other hand, when the sFE angle is not around
90 degrees, the dynamic saturation cuts the algorithm level to a level lower than 6. Figure 26
highlights the dynamic saturation with respect to the algorithm maximum reached level. For instance,
for sFE angle values of 140 degrees the maximum value is 3, whereas for sFE values of 70 degrees

the maximum level is 5.
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Figure 26: Dynamic saturation action on the maximum reachable level.
As a second trial, a more structured set is analysed. In this case, static and dynamic tasks at different
mean sFE angles are put in sequence to examine how the algorithm can adapt to the system behaviour.
The chosen sequence is static-dynamic-static and each subsequence is repeated at three different

shoulder elevation angles.

Figure 27 shows the resulting assistance level computed by the algorithm. As expected, for more
static tasks the support level is greater, whereas for more dynamic tasks the support level decreases
until it reaches the minimum value. The dynamic saturation action can be seen for static tasks at 120

and 60 degrees, where the maximum support level is around 4.
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Figure 27: Algorithm behaviour on a given dataset.

The discretized values that are commanded to the LLCL are shown in Figure 28.

45



150 - -
o) ]
@
S 100 { -
o
o
cC
= . |
5 50¢ T
L
wn
0 A
0 100 200 300 400 500
6 Ak+1[#] -
_ Ak+ [#]
#*,
Q4 i
o
c L
E=
5 2 1
o
<
O -
0 100 200 300 400 500
Time [s]

Figure 28: Algorithm output value and discretized value.

4.3 REAL-TIME SIMULATIONS

Following the algorithm offline development in MATLAB, the upcoming step was the real time
implementation on the exoskeleton control system. Before integrating the algorithm in the real-time
processor of the exoskeleton, it was necessary to test its real-time performance by means of a
simulator. The simulator was developed in the same programming language used in the H-PULSE,

namely LabView 2018 (National Instruments, Austin, TX, USA).

Figure 29 below briefly resumes the main steps of the LabView code to implement the algorithm. It
can be remarked that the steps and logic of the real-time code reflects the same steps used in the

algorithm development.
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Figure 29: LabView control architecture.

4.4 ALGORITHM MATLAB AND LABVIEW COMPARISON

In order to assess the correctness of the LabView implementation, the algorithm output obtained from
LabView is compared to the MATLAB one. This is implemented thanks to a custom MATLAB
routine that over-imposes the two outputs to check their similarity. Figure 30 show an example of the
validation of the LabView code. It can be seen that the algorithm output is the same in the offline
MATLAB version and in the real-time LabView simulation, meaning that the algorithm is correctly

implemented in LabView.
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Figure 30: MATLAB and LabView algorithm outputs for a given dataset.
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S EXPERIMENTAL ACTIVITIES

The previous chapter described the development of the adaptive algorithm for the real-time
computation of the assistance level for the semi-passive upper-limb exoskeleton. The design process,
composed of the offline development performed in MATLAB and the LabView simulation, was
followed by the algorithm validation with human-in-the-loop experiments. In order to perform this
step, the algorithm was implemented in the real time LabView code of the exoskeleton and

experimental activities were carried out.

The objective of this experimental trial was to analyse how the user can benefit from the H-PULSE
support when the level of assistance is set and changed in real-time according to the adaptive
algorithm. To perform proof-of-concept evaluations, two subjects were recruited to wear the

exoskeleton and perform a pre-defined sequence of simulated manual working tasks.

In order to investigate the effects of the adaptive control strategy, the adaptive algorithm condition
(AD-EXO) is compared to two other conditions. In particular, one condition contemplates the case
where the exoskeleton is not worn by the user (namely NO-EXO condition), whereas the other case
considers the exoskeleton worn by the user with a fixed assistance (FIX-EXO). The fixed support
level is computed prior to the start of the experiment in order to provide a torque which can
compensate approximately 50% of the gravity torque acting on the arm, estimated from considering
the height and weight of each subject, similar to approach adopted to determine the assistance level

of the passive exoskeleton MATE [27].

5.1 METHODS

5.1.1 Experimental tasks and setup

When deciding the tasks that the user has to perform in the experimental trials, it is of paramount
importance to make some preliminary considerations. In fact, considering the algorithm
responsiveness and the system time constant, some specific requirements must be followed. First of
all, a task should last about two minutes to observe a transient phase and a stationary phase of
sufficient length to perform EMG analysis. Moreover, tasks of different nature, namely dynamic and
static, are alternated within the same sequence to analyse how the adaptive algorithm output can
reflect the system changes over time. In order to address these points, a sequence of three tasks was
identified, where static, dynamic and semi-dynamic movements were performed in order. Each task

lasted 2 minutes and they were performed sequentially by the subjects for a total duration of 6
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minutes. The movements were inspired by real working activities, with the goal of simulating possible

applications of the exoskeleton in industry environments.

Table 2 resumes the chosen tasks and their main characteristics.

Task Mean angle [deg] Type Duration [min]
Screwing ~90 Static 2
Box handling ~45 Dynamic 2
Wall painting ~120 Semi-dynamic 2

Table 2: Chosen tasks and main characteristics.

For the tasks sequence execution, a dedicated setup was prepared and equipped to perform the
experimental tasks. A structure with shelves at different heights was used to have the different
working conditions. In order to have the actions performed at the correct shoulder angles, the shelves
height could be adjusted in function of the height of the subject. Figure 31 shows the setup for the

experiments as well as the tools used for the different types of tasks.

Figure 31: Experimental trials setup structure, with the screw for the static task (1), the box for the dynamic task (2) and the roll for
the semi-dynamic wall-paint task (3).

Figure 32 shows one of the subjects performing the movements chosen for the sequence.
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Figure 32: Movements performed in the experimental trial. (a) — static screwing, (b) — dynamic box handling, (c) — semi-dynamic
wall painting.

5.1.2 Preliminary test
In order to test the experimental procedures, an experimental trial was performed to analyse the
algorithm behaviour when this sequence of tasks is executed. Figure 33 shows the sFE angle

behaviour of the three performed tasks as well as the corresponding algorithm output.
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Figure 33: Experimental dataset and corresponding adaptive algorithm behaviour.
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Overall, the behaviour of the algorithm is the one expected. The support level increases for static
tasks performed at angles around 90 degrees, reaching at steady state the maximum assistance level
of 6. Conversely, the assistance decreases when the dynamic task is performed, until it reaches the
minimum level of 0. These results highlight a first difference with respect to a fixed assistance level
condition: when performing a static task, the adaptive condition leads to the maximum value of
assistance 6, which is usually higher than the fixed level. Conversely, in case of dynamic task, the
adaptive algorithm output at steady state is 0, in most cases lower than the pre-chosen fixed level. An
interesting behaviour is remarked when the semi-dynamic task is performed, the assistance level
increases again but it does not overpass the value of 3. In fact, the maximum level reached by the
algorithm depends on the sFE angle: for angles of 90 degrees, the maximum reachable support is 6,

whereas the semi-dynamic task is at higher angles therefore the maximum reachable level is 3.

These differences in the provided support level can result in possible changes in the observed physical
strain of the user in the different conditions. The experimental trials aimed indeed at highlighting how
the observed user effort, in terms of muscular activity and heart rate, can change depending on which

of the three conditions is tested.

5.1.3 Efficacy assessment
The main objective of the experimental trials was to investigate the effects of the adaptive control
strategy against the conditions where the exoskeleton delivers a fixed level of support or where no

exoskeleton is worn.

In order to evaluate the efficacy of the adaptive algorithm, two different objective measures were
considered, namely surface electromyography (EMG) for assessing changes in localized muscular
strain and heart rate (HR) to assess changes in global fatigue. The main goal of this analysis was to
investigate possible differences in these metrics among the three considered conditions (i.e. NO-EXO,

FIX-EXO, AD-EXO).

Among all the shoulder muscles, the EMG signal was recorded from the muscles that are more
involved during the flexion-extension movement. Indeed, EMG sensors were placed on the anterior
deltoid (AD), the medial deltoid (MD), the posterior deltoid (PD), the upper trapezius (UT), the
triceps brachii (TB), and the latissimus dorsi (LD), as shown in Figure 34. To record a clean ECG
signal, a probe was attached to the chest, in the left rectus abdominus: such location was identified as
the most practical for the collection of the ECG signal, due to the proximity to the heart and the
cleanliness of the recorded trace from which the HR was then computed. Finally, an additional probe
was placed on the exoskeleton and used for the synchronization between the EMG signals and the

exoskeleton data, as previously done in [36].
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All the electrodes were placed on the muscles according to the SENIAM protocol [51], as shown in
Figure 34 and Figure 35. The EMG signal is collected just for the right side of the body, since a
previous study on the H-PULSE highlighted that the muscle activity is the same for both sides when

symmetric tasks are performed [36].

Right UT
Right MD Right PD
ECG probe
Right TB
Right AD . '8
J Right LD
l/ :
Front side @’ Back side

Figure 34: EMG probes location and corresponding muscles, adapted from [36].

(a) (b) ©
Figure 35: Subject 2 with the electrodes placed in the identified muscles, view from the side (a), back (b) and front (c).

5.1.4 Data recording

The EMG signals were collected using pre-gelled bipolar Ag/AgCl surface electrodes (Pirrone & Co.,
Milan, Italy) and acquired with a sampling frequency of 1 kHz with the BTS FREEEMG 1000 (BTS
Bioengineering, Milan, Italy). The BTS software allows to store the collected data for a later offline
analysis. It has to be remarked that an additional probe is placed on the exoskeleton with the intention
of synchronously recording the synchronization signal generated by the exoskeleton with the EMG

signals.

5.1.5 Participants

Two healthy male subjects volunteered for this study (S1: age 34 years old, height 184 cm, weight 62
kg; S2: age 28 years old, height 184 cm, weight 80 kg). The study was carried out at the premises of
the BioRobotics Institute of Scuola Superiore Sant’Anna (Pontedera, Pisa, Italy). The study was

approved by the local Institutional Review Board (approval n. 2/2019) and experimental activities
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were conducted following the principles stated in the Declaration of Helsinki. The participants signed
a written informed consent. Independently on their dominant arm, both subjects were required to
perform the tasks with the right hand, from the moment that the algorithm takes as input the right

shoulder angle sensor signal. Figure 36 shows one of the subjects wearing the H-PULSE.

Figure 36: One of the participants (S2) wearing the H-PULSE exoskeleton.

5.1.6 Procedures

Upon arrival, the participants were informed about the study and signed the informed consent. Then,
the subject familiarized with the exoskeleton and instructed on the tasks to be performed. A check for
the correct wearing of the exoskeleton was done in this stage, with particular care to the straps
regulation. In this step, the EMG electrodes were attached and the sensors were fixed with tapes to
reduce possible movement artifacts. Before starting the tasks sequence, the MVC values were
collected: the subject was asked to perform three bursts of maximum contractions lasting 5 seconds

each.

In order to reduce the inter-subjects variability, the subject was placed in front of the setup structure
at the right distance and the shelves were correctly regulated. Such regulations aimed at assuring that
the static task is performed at around 90 degrees and, as a consequence, all the other tasks in the

sequence are executed at the intended sFE angles.
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Therefore, prior to the FIX-EXO trial, the fixed level of support to be provided is computed with a
custom MATLAB routine and according to the biomechanical considerations reported above. For S1

the fixed support value was 3, whereas for S2 the fixed support was 4.

Once the subject was ready and the setup was regulated, the participant could start the experiment.
For what concerns the sequence of actions, for each tested condition the steps were the same and can
be resumed as follows. First of all, a 1-minute baseline was acquired while the subject was standing
still, with the arms resting along the body in a neutral pose. Then, the participant was asked to start
the tasks sequence, which had a total duration of around 6 minutes and was performed according to
the movements explained above. At the end of the sequence, another baseline acquisition was
performed: similar to the baseline acquisition in the beginning, the subject stood up in a resting

position with the arms along the body for 1 minute.

Since only two subjects were included in this preliminary evaluation, both subjects underwent the
same sequence of tasks (screwing — box handling — wall painting) and conditions (NO-EXO — AD-
EXO — FIX-EXO). Between conditions, the subject had sufficient time to rest.

5.1.7 Data analysis
The data analysis was performed offline using MATLAB R2019b custom routines. The main intent
of the analysis was to extract the chosen metrics from each acquired data sequence and consequently

compare the three considered conditions.

Prior to the metrics calculation, the EMG linear envelope was computed for all the acquisitions. The
first step involved a 4-th order band-pass Butterworth filter (cut-off frequencies: 20-400 Hz), intended
to remove movement artifacts at low frequencies. Another 4-th order notch Butterworth filter
(eliminating the frequencies around 50 Hz) was implemented to remove the noise disturbances
coming from the power hum. Then, the signal was rectified and low-pass filtered (zero-lag 100ms
moving average filter). Finally, the signal was normalized with respect to the maximum voluntary

contraction (MVC), which was obtained as the maximum value from three consecutive exertions.

The EMG signal was analysed differently depending on the type of task performed. For what concerns
the static case, the normalized EMG envelope of the last 30 seconds was segmented in 15 intervals
of 2 seconds each. Then, the RMS value for each interval was computed and the boxplots were plotted
to compare the three considered conditions. The same procedure was followed for the semi-dynamic
task, whereas the dynamic task has a different process. For this kind of task, the last 15 muscle
activations were manually segmented and for each of them the integral EMG (i(EMG) was computed.

Finally, the boxplots are plotted to analyse the behaviour in the three considered conditions.
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In order to quantify the advantage of having the exoskeleton worn, the muscle activity reduction in
the FIX-EXO or AD-EXO case was compared to the value obtained for the NO-EXO condition. The
evaluation was made by means of a percent variation according to (5):

exo — NOexo ©)

A =— 100
EMG NOexo

It has already been demonstrated that the case with the exoskeleton worn can significantly reduce the
physical strain and thus the muscles activation [4], [27], [38], [40]. Therefore, this metric is mainly
aimed at investigating if there are any differences in the reduced muscles activations when using the
FIX-EXO conditions with respect to the AD-EXO case, thus assessing if the adaptive or the fixed

assistance can be more beneficial for the user.

In order to analyse the HR, the ECG signal was filtered to obtain the signal linear envelope, as done
for the EMG signals. From the ECG signal, the R-R interval was calculated and then the HR. The
main goal of the HR analysis is to highlight its changes along the time of each experimental condition.
In particular, the variation between the mean HR computed before the tasks sequence and at the end
of the movements was performed. This metric was used for evaluating whether the provided support
can be more or less beneficial for the user over the whole execution of the tasks. In particular,
similarly to the procedure adopted in a previous study on upper-limb exoskeletons [52], the cardiac
cost was considered. First of all, the mean value of the HR was computed for the last 30 seconds of
the baseline acquired before the starting of the movements sequence (HR™%"g;). Afterwards, the
mean HR was computed for the last 30 seconds of the sequence of movements, thus at the ending of
the semi-dynamic wall-painting movement (HR™¢?*",,..). Then, the variation of the mean HR of

this last interval with respect to the mean value in the first baseline was computed according to (6):

Scondition = HRmeanwork — HR™¢p, (6)

Consequently, similar to the process used in the muscles’ activation analysis, a percentage variation
is used to quantify if the adaptive assistance can be more effective than the fixed assistance when
they are compared to the condition where no exoskeleton is worn. Therefore, the variation between

the NO-EXO case and the AD-EXO or FIX-EXO is computed according to (7):

Aur= Scondition with exo — ONo—-exo (7

Once the main metrics have been computed, a detailed analysis of the obtained results can highlight

the main differences between the three considered conditions.
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5.2 RESULTS

This chapter reports the results of the experimental trials performed in a human-in-the-loop fashion
for the two volunteers of the experiment. This part is organized in two sub-chapters, each dedicated
to report the results obtained for one of the subjects, with the corresponding plots and tables of the
computed metrics. Firstly, the EMG envelope is plotted for the muscles’ activations over the tasks
sequence. Then, for each task, the boxplots and metrics are reported, whereas the last table shows the
HR metrics. This chapter reports just the outcomes, whereas the following Chapter 6 is dedicated to

a detailed analysis and discussion of the obtained results.

5.2.1 Subject 1
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Figure 37: EMG envelope of each muscle during the experimental trials of S1.
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Figure 38: Boxplots of the EMG RMS distribution over the last 30s of the screwing static task — SI.

Muscle

AD
MD
PD
ur
1B
LD

Agme FIX-EXO

-32.4%
-35.6 %
-32.2%
-15.1 %
—26.7 %
-17.5%

Apye AD-EXO

—40.2 %
—51.1 %
—43.7 %
—49.9 %
—45.0 %
-30.2 %

Table 3: EMG RMS reduction in the FIX-AD and AD-EXO cases with respect to the NO-EXO case — S1.

58




RMS of AD RMS of MD

20f - -
I
15 — o . e = —_
© == [—— 0 —— a—
= =
w10 54
2 =2
5 2
0 : - ‘ 0 - : :
NO-EXO FIX-EXO AD-EXO NO-EXO FIX-EXO AD-EXO
; RMS of PD . RMS of UT
Br — 1 6 BN —
— —_—
st + 1 s — ]
] w == T Q - '
> — 4 > —
S4 - == 24 —
EE K
=2 =
2 2
1 1 -
0 0
NO-EXO FIX-EXO AD-EXO NO-EXO FIX-EXO AD-EXO
5 RMS of TB RMS of LD
—_ 2.5f é —
) B _ _ = — __
- == 21 - =
Q3 T — 9
= — 215
5 5
=2f = 1t
1 05

o

1 L L O
NO-EXO FIX-EXO AD-EXO NO-EXO FIX-EXO AD-EXO

Figure 39: Boxplots of the iEMG distribution over the last 15 muscle activations of the box handling dynamic task — S1.

Muscle Agme FIX-EXO Agye AD-EXO
AD —24.0 % ~253%
MD —152% ~19.6 %
PD —15.6% ~20.3 %
UT ~17.9% ~12.3%
TB ~14.5% —25.8%
LD ~10.2 % ~16.9%

Table 4: iEMG reduction in the FIX-AD and AD-EXO cases with respect to the NO-EXO case — S1.
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Figure 40: Boxplots of the EMG RMS distribution over the last 30s of the wall painting semi-dynamic task — S1.

Muscle Apm¢ FIX-EXO Agye AD-EXO
AD -21.8% -32.8%
MD -26.3% —34.7%
PD -27.8% -313%
ur -29.1% -239%
1B -14.4% -273%
LD -58% -29.6 %

Table 5: EMG RMS reduction in the FIX-AD and AD-EXO cases with respect to the NO-EXO case — S1.
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Condition Our Axr
NO-EXO + 25 bpm /
FIX-EXO + 14 bpm —11 bpm
AD-EXO + 20 bpm -5 bpm
Table 6: HR metrics of S1.
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Figure 41: EMG envelope of each muscle during the experimental trials of S2.
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Figure 42: Boxplots of the EMG RMS distribution over the last 30s of the screwing static task — S2.

Muscle

AD
MD
PD
ur
B
LD

Agme FIX-EXO

-25.1%
-31.6 %
-38.8 %
—24.5%
-16.9 %
-33.1%

Apye AD-EXO

-32.3 %
—45.5 %
—47.6 %
-33.5%
—24.1 %
—34.6 %

Table 7: EMG RMS reduction in the FIX-AD and AD-EXO cases with respect to the NO-EXO case — S2.
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Figure 43: Boxplots of the iEMG distribution over the last 15 muscle activations of the box handling dynamic task — S2.

Muscle Agye FIX-EXO Agye AD-EXO
AD —-30.5% -39.9%
MD -355% -47.4%
PD -34.5% -41.4%
ur -47.9 % -359%
1B -31.7% -31.5%
LD —28.0 % -253%
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Table 8: iEMG reduction in the FIX-AD and AD-EXO cases with respect to the NO-EXO case — S2.
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Figure 44: Boxplots of the EMG RMS distribution over the last 30s of the wall painting semi-dynamic task — S2.

Muscle Agye FIX-EXO Agye AD-EXO
AD -14.4% -149%
MD -31.0% -12.4%
PD -225% -14.1%
ur -385% —-41.9%
1B -224% -18.4%
LD -373% —40.1 %

Table 9: EMG RMS reduction in the FIX-AD and AD-EXO cases with respect to the NO-EXO case — S2.
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Condition
NO-EXO
FIX-EXO
AD-EXO

Our
+ 8 bpm
+ 9 bpm
+ 0 bpm

Table 10: HR metrics of S2.
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6 DISCUSSION

In the previous chapters, the algorithm development and the human-in-the-loop experimental
activities have been described in details. This chapter is instead dedicated to the investigation and
discussion of the results (reported in Chapter 5) obtained during the experimental validation of the

adaptive algorithm.

In line with previous studies [4], [27], [38], [40], for both subjects and in all the executed tasks, the
conditions with the exoskeleton worn showed significant reductions in the muscles activation with
respect to the condition where no device is worn, thus confirming that the supportive action can be
potentially beneficial to prevent muscle strain and fatigue. However, a more detailed analysis must
be carried out to analyse the benefits coming from an adaptive assistance with respect to the case

where a fixed level of support is provided.

This section is divided in two sub-sections in a similar fashion with respect to the previous one.
Indeed, each subject has a dedicated sub-chapter with the analysis of the results obtained for its

experimental trials.

6.1.1 Subject 1

Subject 1 showed an overall reduction in the muscles activation when the exoskeleton is worn with
respect to the condition without the exoskeleton in all the considered tasks (Figure 37). Starting from
the static task, the boxplots and percentage metrics (Figure 38 and Table 3) highlight how the
exoskeleton use can significantly reduce the muscles activations. A significant example resides in the
AD, where in the FIX-EXO condition the reduction is -32.4 % and in the AD-EXO case the reduction
reaches -40.2%. A similar trend is highlighted for the MD and UT, the muscles that with the AD
represent the main agonist muscles during the flexion-extension of the arm. These three muscles have
the highest reductions in the activations when performing the static task. This result is in line with the
study conducted on the Proto-MATE [27], where it was highlighted how the reduction in the EMG
activation of agonist muscles lead to a reduced muscles strain. In particular, the UT decreased activity
can have important benefits for the back/spine as well. Indeed, a previous study suggested that the
reduced UT activation might imply a smaller spinal loading, since this muscle is the main actor when

transferring the loads from the shoulders to the back and the hip belt [22].

An important comparison involves the FIX-EXO and the AD-EXO conditions (Table 3). During the
static task execution, all muscles for S1 showed a greater reduction with respect to the NO-EXO case

when the support level was chosen according to the adaptive algorithm. This behaviour is justified
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by the fact that the fixed support level for S1 is set to 3, whereas the adaptive algorithm during the
execution of the static task reaches the support level of 6. This result, first of all, confirms the
hypothesis used for the algorithm design and suggested by some previous studies [28], [40] that a
greater support might be needed in case of static prolonged tasks. Moreover, it highlights the benefits
of the support level chosen according to an adaptive algorithm over a pre-fixed support, since the

algorithm can better adapt to the system behaviour.

Moving into the second task, namely the box handling movements, other considerations arise from
the performed analysis (Figure 39 and Table 4). Globally, the conditions with the exoskeleton once
again proved to be beneficial with respect to the NO-EXO condition, since the EMG activations were
reduced for all muscles when the device was worn. This result is of paramount importance when
considering dynamic tasks, since one of the main goal when wearing an exoskeleton is to avoid the
activation of antagonist muscles, thus avoiding that the exoskeleton hinders the movements and

obstructs the user during the task execution [22].

Considering a detailed comparison between the FIX-EXO and the AD-EXO conditions, smaller
differences between the two cases were highlighted when performing the dynamic task (Table 4). As
a matter of facts, these two conditions have similar results in the decrease of the muscles activations
when compared to the NO-EXO case. This result may be in contrast with respect to the different
support levels provided by the two conditions, namely 3 for the fixed case and 0 from the adaptive
algorithm condition. However, a deeper investigation remarks that a significant difference is found
for the TB and LD muscles, which have a greater reduction in the adaptive assistance case (-25.8%
and -16.9% in contrast to -14.5% and -10.2 % for the FIX-EXO case). This can yield to interesting
conclusions, since these two muscles are the two main actors when performing dynamic movements,
as they act as antagonist muscles during shoulder flexion-extension. Therefore, as previously
suggested, it is of great importance to find a correct balance between agonist and antagonist muscle
activations when wearing an exoskeleton [40], otherwise an unwanted increased activation of
antagonist muscles can happen [22]. Indeed, the adaptive assistance level in this case becomes more

effective in reducing the activation of these muscles during the dynamic task movements.

Moving into the last task of the sequence, during the semi-dynamic task both conditions with the
exoskeleton worn showed significant muscles activations reductions with respect to the case where
no exoskeleton is worn (Figure 40 and Table 5). This movement is introduced in the sequence to
investigate if the device can be effective also in a case where no strict distinction between static and

dynamic movement can be made. A previous study already highlighted how exoskeleton can be
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equally applied to static and dynamic tasks [22], therefore this experimental trial confirms the benefits

of using the device also for other hybrid types of movements.

When analysing the semi-dynamic task, some important differences are highlighted in the muscles’
activity reduction for the fixed assistance case and the adaptive assistance with respect to the case of
NO-EXO (Table 5). It should be noted that the support level provided by the adaptive algorithm for
S1 was 3 for this last task, which is the same value as the fixed level pre-set for S1. This could suggest
that the expected results are similar in terms of muscles activations reductions. However, this is not
the case, since some differences are present from the AD-EXO conditions with respect to the FIX-
EXO case. To explain this trend, the whole sequence of actions should be observed. Indeed, these
discrepancies might be linked to the fact that in the FIX-EXO condition the fixed assistance level
remains the same for the whole duration of the movements sequence, whereas the AD-EXO case has
a support level that changes dynamically in real time and assumes different values over the whole
sequence. Therefore, being the semi-dynamic task the last of the sequence, the muscles could be
affected by how much the assistance of the previous static and dynamic tasks helped in reducing the

overall strain and fatigue.

Focusing on the main differences, the AD-EXO case is more effective in reducing the activation of
TB and LD case (-27.3% and -29.6% in contrast to -14.4% and -5.8 % for the FIX-EXO case). This
leads to the conclusion that the antagonist muscles can have reduced activations with the adaptive
support. On the other hand, the UT shows greater reductions in the FIX-EXO case, suggesting that
this condition is slightly less demanding for this muscle and, as previously mentioned, for the back

and spine.

Finally, for what concerns the cardiac cost, the case where the exoskeleton is worn shows a smaller
increase in the HR value at the end of the tasks sequence (Table 6). This is an encouraging result,
since wearing an exoskeleton could imply a greater cardiac cost coming from the additional weight
that the user has to carry [52]. However, this is not the case, and the reason may reside in the muscles
overall reduced activations with respect to the NO-EXO case, thus in a smaller overall fatigue for the

user.

Overall, the trial with S1 highlights some important benefits in terms of reduced muscles activations
and overall fatigue, demonstrating how the adaptive algorithm can be in general more effective than

a fixed level of assistance when diversified tasks are executed.
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6.1.2 Subject 2
Subject 1 is of paramount importance for the proof of concept and efficacy assessment of the adaptive
support provided by H-PULSE. However, in order to see if the results hold also for other volunteers,

subject 2 represents an important confirmation of the obtained results (Figure 41).

Starting from the static task, the boxplots and percentage metrics (Figure 42 and Table 7) show how
the exoskeleton worn can significantly reduce the muscles activations. The deltoids are the muscle
complex that benefits the most from having the support provided by the exoskeleton. In fact, muscle
activity reductions for the PD are up to -38.8 % for the FIX-EXO case and -47.6 % in the AD-EXO
case. Similar results hold for AD and MD, showing a similar trend in S2 with respect to S1. This
reduced activation for the deltoid muscles highlights the helpful action of the exoskeleton in
preventing the insurgence of rotator cuff injuries, as suggested in another study on the biomechanical

effectiveness of industrial exoskeletons [29].

Moreover, similarly to S1, also S2 has a greater muscle activity reduction in the case where the
adaptive assistance is set in real time (Table 7). This confirms that the greater support provided in the
AD-EXO case (reaching the level of 6), is more helpful in reducing the physical muscle fatigue with
respect to the FIX-EXO case, where the assistance remains fixed at level 4. Moreover, the hypothesis
to provide more support in case of static movements is confirmed to be an effective implementation
and thus it confirms the effectiveness of the adaptive assistance for this kind of tasks. This result also
reflects the conclusions of previous studies where different assistance levels were selected for passive
exoskeletons. Indeed, the ShoulderX device showed greater reduction in muscles activations with
increasing assistive peak torque [24] and a previous study on the H-PULSE showed reduced

activations when a greater level of assistance was provided [36].

Moving into the dynamic tasks, some important considerations arise for S2 (Figure 43 and Table 8).
Once again, the exoskeleton worn significantly helps in reducing the muscles activation. A relevant
example is represented by the MD, having reductions up to -35.5 % in the FIX-EXO case and -47.4%
in the AD-EXO conditions. Likewise, antagonist muscles (mostly TB and LD) show decreased
activations in both conditions with the exoskeleton worn, which is an important aspect when avoiding

antagonist muscles activations during dynamic movements [22].

During the dynamic task, when comparing the FIX-EXO with the AD-EXO condition, the overall
trend shows grater muscle reduction for the adaptive case (Table 8). This is in line with the results
obtained for S1, confirming that a smaller support is beneficial during dynamic tasks. In fact, the

adaptive algorithm reaches a level 0 of support during the execution of this task, whereas the fixed
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level for S2 is 4. The only exception is represented by the UT muscle, which shows a greater reduction
in the FIX-EXO case. This point must not be ignored, since the UT muscle is fundamental to stabilize
the whole upper trunk region of the body [29], so further investigations will be performed to analyse

more in depth how much this greater reduced activation can benefit the user over longer periods.

The last semi-dynamic task shows a similar trend in the reduction of muscle activity, always
highlighting the beneficial effect of having the exoskeleton worn with respect to the condition of NO-
EXO, confirming the promising results of the exoskeleton support highlighted for S1 (Figure 44 and
Table 9). However, when comparing the FIX-EXO with the AD-EXO, some interesting behaviours
arise (Table 9). Globally, muscles show a similar percentage reduction with respect to the NO-EXO
case. However, MD and PD have higher reduction in the fixed assistance case. To understand this
behaviour, a comparison between levels of support must be made. In fact, for S2 the given support
level is the pre-set value of 4. On the other hand, the adaptive algorithm reaches the level of support
of 2, which is lower than the level reached for S1. This behaviour is related to the pacing of the
movements, which was not imposed to the subjects to reflect a working condition where the worker
can choose its own pace. It was remarked that S2 performed the movements with a faster pace with
respect to S1 and the algorithm could only reach the assistance value of 2. This suggests that the
algorithm did not reach the steady state after the two minutes of the trials, therefore the given support
was not sufficient to be more beneficial to the user than the fixed case. Further investigations are

needed to highlight this variability between the chosen movement strategy.

Finally, some important remarks are highlighted for S2 concerning the HR variations (Table 10). The
cardiac cost for S2 is reduced when wearing the exoskeleton in the adaptive case, whereas no
significant difference is remarked in the FIX-EXO condition with respect to the NO-EXO case. This
slight improvement for the adaptive condition is promising to assess the effectiveness of the adaptive
strategy. Indeed, it is of paramount importance to consider how the physiological demand can change

when performing difficult tasks and how the exoskeleton can affect this physiological parameter [52].

Overall, S2 shows interesting results that are aligned with the ones obtained for S1, thus confirming
the promising results obtained in terms of reduced fatigue and strain when exploiting ad adaptive
assistance strategy. Further investigations are still needed to completely assess the adaptive assistance

efficacy, implying for instance a wider number of subjects or larger and more informative metrics.
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7 CONCLUSION

This thesis work presented the development and experimental validation of a novel adaptive control
for the online computation of the assistance given by the semi-passive exoskeleton H-PULSE. The
main goal during the design phase was to exploit the shoulder kinematics in order to compute the
desired level of support. Subsequently, experimental activities were carried out to have a preliminary
efficacy assessment of the adaptive algorithm when it is implemented in the real-time controller of the
exoskeleton. Indeed, the main objectives of the experimental trials were the investigation of the effects
of the adaptive control strategy against experimental conditions where the exoskeleton was not worn
(i.e. without any support) or delivered a fixed and predetermined level of assistance (i.e. supporting

about the 50% of the arm gravitational torque).

Firstly, the design phase successfully managed to linearly combine the extracted kinematic features.
The result was a finite different equation formulation that could accurately follow the evolution of the
system and dynamically change the support level in real time. The algorithm behaved as intended, with
an increase of the support during more demanding tasks, namely more static actions and movements
at elevations angles of about 90 degrees. On the other hand, the support level decreased when the user’s
actions did not have to be hindered, namely during more dynamic tasks or movements around very
high and very low elevation angles. Once the desired algorithm behaviour was achieved, the real time

implementation followed.

The algorithm was implemented online in the exoskeleton controller and the efficacy of the chosen
adaptive strategy was assessed by means of experimental trials. The experimental trials aimed at
extracting relevant metrics to quantify the muscle strain and the physiological demand in terms of
changes in the heart rate. Therefore, EMG signals were acquired and elaborated to extract relevant
information for each of the three considered conditions (no exoskeleton worn against a fixed or

adaptive assistance from the device).

The results of the experimental trials highlighted how the device worn could significantly reduce the
muscle fatigue of the main shoulder muscles and decrease the heart rate cardiac cost over the sequence
of movements. Moreover, when the device was worn with the adaptive control, the result was a
globally reduced muscle activation and cardiac cost in the performed tasks with respect to the case
where the assistance was fixed. In particular, during static movements, the adaptive strategy managed
to reduce up to -40% the activation of the deltoids. In case of more dynamic movements, the activation

of antagonist muscles, except the upper trapezius, where significantly reduced in both subjects when
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the movement was assisted by the adaptive assistance. Lastly, semi-dynamic tasks showed promising
results in the first subject, with a generally lower muscles activation, whereas subject 2 did not show
such a relevant difference with respect to the fixed assistance case. Lastly, the heart rate cardiac cost
was significantly reduced in subject 2 when the support level was chosen according to the adaptive
strategy. This suggested that the overall physiological demand could be decreased when using an

adaptive control strategy.

Although the obtained results are promising, some limitations can be remarked. First of all, the number
of subjects was limited and no statistical analysis could be performed. However, the two subjects were
fundamental for the preliminary efficacy assessment of the adaptive algorithm. Secondly, the sequence
of tasks was limited to just three types of movements, therefore it did not explore other possible work-
inspired actions. Lastly, the adaptive control strategy managed to reduce muscles activations in most
of the considered muscles, however some muscles still showed more benefits in the fixed assistance

case.

Following these limitations, additional work still needs to be done to overcome the highlighted flaws.
First of all, a higher number of subjects can be recruited in order to analyse more deeply the advantages
of the adaptive control and perform a statistical analysis on the results. Consequently, the number of
tasks can be augmented to consider more diversified working conditions and study if the exoskeleton
can be beneficial also with different types of movements. In conclusion, a deeper analysis of the
muscles’ activations with the use of other structured metrics could lead to a more detailed study on the

muscles’ activation and strain during the performed movements.
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