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Abstract

The shoulder complex is one of the most complex parts of the human body, consisting
of four joints: the glenohumeral, sternoclavicular, acromioclavicular and scapulothoracic
joints. The glenohumeral joint is commonly referred to as the shoulder joint. When the
upper limb is lifted, the contraction of the muscles of the shoulder complex must balance
the gravitational torque of the arm segments. Keeping the arm elevated for long periods
requires constant work from the muscles, and in the long run can cause excessive stress on
the muscles themselves and the surrounding tissues, and can lead to the risk of developing
musculoskeletal disorders. This is what happens in an industrial environment where users
doing overhead work spend most of their time with their arms in an elevated position, also
supporting a load, and thus further increasing the moment generated and thus requiring
more force from the muscles.

Thus, to reduce the effort on the shoulder complex muscles, a support device is needed as
a wearable device that interacts with the human. Therefore, this thesis aims to present
a passive upper limb exoskeleton for the compensation of the gravitational torque during
arm lifting, working on a McKibben pneumatic artificial muscle (PAM) as a passive
actuator, which, once pressurised, can exert a high force-to-weight ratio by contraction.

In the first section, the situation of musculoskeletal disorders is reviewed, followed by
an excursus on exoskeletons and their requirements. Then, artificial pneumatic muscles
are presented in detail, with the isotonic and isometric characterisation of two FESTO
artificial pneumatic muscles. The torque generated by the PAM and that due to gravity
are calculated and compared for different values of the angle of elevation of the upper
arm, to assess the support provided by the muscles to the user. Next, the design of the
exoskeleton in all its components is presented by developing a CAD model and performing
the corresponding finite element simulations, choosing materials to make the exoskeleton
as light as possible and estimating the total weight of the structure. By analysing the

results of the simulations, the prototype will be built.
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Chapter 1

Musculosekeletal Disorders

1.1 The size of the problem

According to the World Health Organization [1], a Musuloskeletal Disorder (MSD) is a
condition affecting the muscles, tendons, peripheral nerves, or vascular system and it does
not result directly from a sudden or acute event such as slips or falls.

These disorders are believed to be work-related when job performance and the work en-
vironment contribute significantly to their development, although they are only one of
many factors that cause the multifactorial disease. [1]

Repetitive Stress Injury, Repetitive Motion Injury, and Overuse Injury are just a few of
the other terms used to describe MSDs. Despite the variations in terminology, Muscu-

loskeletal Disorder indicates repetition and stress as the primary causes of the damage. [2]

MSD EXAMPLES

Carpal Tunnel Tendinitis Fibromyalgia Muscle Strains
Syndrome & Low Back
Injuries
Rotator Cuff Epicondylitis Trigger Finger Osteoarthritis
Injuries (Affects the Elbow) & Rheumatoid
(Affects the Shoulder) Arthritis

Figure 1.1: Example of MSDs
https://www.neumannbros.com/

national-safety-month-ergonomics-and-musculoskeletal-disorders/


https://www.neumannbros.com/national-safety-month-ergonomics-and-musculoskeletal-disorders/
https://www.neumannbros.com/national-safety-month-ergonomics-and-musculoskeletal-disorders/
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In 1997, the National Institute for Occupational Safety and Health (NIOSH), a part
of the Centers for Disease Control and Prevention (CDC), released a review of evidence
on work-related MSDs.

Routine lifting of heavy objects, regular exposure to whole-body vibration, performing
repetitive forceful tasks, overhead work, neck flexion, are some work conditions that may

lead to MSDs. The report showed a positive correlation between work conditions and

MSDs of the neck, shoulder, elbow, hand and wrist, and back. [3]

Lower back 73.5
Neck

Neck/Lower back

Shoulders

Neck/Shoulders
Neck/Shoulders/Lower back
Upper back

Wrists/hands

Hips/thighs

Muculoskeletal regions

Knees

Elbow 9.4

Ankles/feet 9.4

Percentage (%) of musculoskeletal disorders

Figure 1.2: Percentage of Musculoskeletal regions affecetd with musculoskeletal disorders

in the Ha’il Region of Saudi Arabia. [4]

As shown in the Figure 1.2, the most affected body regions are lower back, neck and
shoulders, suggesting that musculoskeletal disorders are largely due to overloading of the
spinal regions.

Neck pain may be mainly due to prolonged static loading from sustained muscle activ-
ity in the sternocleidomastoid or trapezius muscles. The origin of the high prevalence
of shoulder pain, on the other hand, may be due to overloading of the shoulders during

prolonged periods of arm elevation and forward bending in sitting or standing. [4]
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Absenteeism, lost productivity, increased health care costs, disability, and workers’
compensation result in high costs for employers. [5]

MSDs cases are more severe than the average nonfatal injury or illness:

e In 2001, an average number of days lost to work was calculated, comparing MSDs
with all cases of nonfatal accidents and injuries: eight day for MSDs compared to

six for others; [5]

e The construction and agriculture industry sectors together accounted for about half

of all MSD cases; [5]

e Musculoskeletal disorders account for nearly 70 million physician office visits in the
United States annually, and an estimated 130 million total health care encounters

including outpatient, hospital, and emergency room visits. [6]

e In 1999, nearly 1 million people absent from work to treat and recover from work-
related musculoskeletal pain or impairment of function in the low back or upper

extremities. [6]

Musculoskeletal disorders
Construction compared to industries with similar
work activities (rate per 100,000 workers)

Construction: 1,830 (1.8%) —

- ]
Transportation and
storage: 1,000 (1%)

I

Manufacturing: 1,290 (1.3%)

I
Agriculture, forestry and .
Fishing: 1,600 (1.6%)

| |

All industries: 1,130 (1.1%)

0 500 1,000 1,500 2,000 2,500

Figure 1.3: Comparison construction with other industries.
https://projectsafetyjournal.com/

musculoskeletal-disorders-top-ill-health-issues-in-construction/


https://projectsafetyjournal.com/musculoskeletal-disorders-top-ill-health-issues-in-construction/
https://projectsafetyjournal.com/musculoskeletal-disorders-top-ill-health-issues-in-construction/
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The largest workers’ compensation insurance provider in the United States, Liberty
Mutual, affirms overexertion injuries as lifting, pushing, pulling, holding, carrying or

throwing an object, cost employers 13.4 billion every year.|6]

1.2 The causes of Musculoskeletal Disorders

MSD primary causes are attribuited to the exposure of individuals to risk factors that ex-
ceed their body’s ability to recover, leading to musculoskeletal imbalance and eventually
a disorder development.

These risk factors often work in combination and include three main categories: physical

and biomechanical, organizational and psychosocial, and individual factors. |7]

Individual Biomechanical

factors factors

C disorders

sKkeletal dis
Environmental J
factors i

Figure 1.4: Risk factors of MSDs.

https://nawo-solution.com/the-musculoskeletal-disorders-msd/

Physical and biomechanical risk factors may include [7]:
e Handling loads, especially when bending and twisting;
e Repetitive or forceful movements;

e Awkward and static postures;


https://nawo-solution.com/the-musculoskeletal-disorders-msd/
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e Vibration, poor lighting or cold working environments;
e Fast-paced work;
e Prolonged sitting or standing in the same position.

It is well known that uncomfortable postures can be harmful. These impose excessive
force on joints and tend to overload muscles and tendons.
The efficiency of the joint depends mainly on its closest middle range of motion. When
these are made to work repeatedly outside the middle range without providing adequate
recovery time, the risk of MSD increases.
Workers exposed to such strains, repetitive tasks and prolonged awkward postures become
fatigued and the body is unable to recover. The resulting musculoskeletal imbalance ul-

timately leads to MSDs. [2]

Organisational and psychosocial risk factors can be: |7]

e Low autonomy and high work demand;

e Lack of breaks or opportunities to change working postures;

e Working at high speed, including as a consequence of introducing new technologies;
e Working long hours or on shifts.

In general, all psychosocial and organizational factors, when combined especially with
physical hazards, can lead to stress, fatigue, anxiety or other reactions, which in turn

enhance the risk of MSDs. [7]
Individual risk factors may involve: |7]
e Prior medical history;

e Physical capacity;

e Lifestyle and habits as smoking and lack of exercise.
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Factors can occur in
combination

Figure 1.5: The three primary risk factors of MSDs.

https://www.pshsa.ca/training/free-training/

b-steps-musculoskeletal-disorder-msd-prevention

As shown in Figure 1.5, work-related risk factors could be divided into three principals

areas: [8|
1. High task repetition;
2. Forceful exertions;
3. Awkward postures.

These are considered as primary causes of MSDs.

On the other hand, analysing symptoms of MSDs, the most common are: [2]
e Weakness, stiffness and pain — all of them often persistent;
e Decreased range of motion — limiting mobility, dexterity and functional abilities;

e Noises in the joints — joint deformity may be visualised where early diagnosis and

treatment are not available;

e Inflammation — in addiction to pain and impaired function, there is redness, swelling

and warmth in the overlying skin area.


https://www.pshsa.ca/training/free-training/5-steps-musculoskeletal-disorder-msd-prevention
https://www.pshsa.ca/training/free-training/5-steps-musculoskeletal-disorder-msd-prevention
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®© @ O © ®

Pain, Swelling, Reduced Lost Time Temporary or Inability to
Numbness, & Worker From Work Permanent Perform
Tingling Productivity Disability Job Tasks

Figure 1.6: The most common symptoms of MSDs
https://www.neumannbros.com/

national-safety-month-ergonomics-and-musculoskeletal-disorders/

Therefore MSDs can affect joints, spine, muscles and bones developing a large number
of pathologies such as osteoarthritis, psoriatic arthritis, gout, rheumatoid arthritis, anky-
losing spondylitis for joints, an intense back and neck pain, sarcopenia for muscles and

osteoporosis, fragility fractures, traumatic fractures for bones. [8|

1.3 Overhead work

Overhead work is classified as working with the hands above shoulder height.

This type of work is strongly correlated with the development of shoulder injury and pain;
jobs requiring arm elevation of 90 degrees or more, for more than ten percent of the shift,
can double the risk of developing a shoulder injury [9]. In addition, advancing age and
increased exposure to elevated work for long periods of life are strongly correlated with
increased risk of shoulder lesion. [10|

Throughout the scientific literature, overhead work is associated with numerous negative
side effects, including increased intramuscular pressure, impaired circulation, increased
muscle activity, and development of fatigue. [11]

Workplaces have attempted to ergonomically improve and avoid exposure to elevated
work. However, where it is strictly necessary, careful job design and evaluation can help
reduce the risk of associated MSD. [12]

Four main factors [9] have been proposed that may increase or decrease the risk of MSD

during overhead work, and consequently influence the risk of injury. These include: [8]

1. Task design;


https://www.neumannbros.com/national-safety-month-ergonomics-and-musculoskeletal-disorders/
https://www.neumannbros.com/national-safety-month-ergonomics-and-musculoskeletal-disorders/
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2. Fatigue accumulation;
3. Bone movement;

4. Muscle capacity.

1.3.1 Task design

When performing overhead work, six factors cause changes in the demands on the muscles

surrounding the shoulder:|8]
1. Direction of the force applied to the hand;
2. Vertical extension distance;
3. Horizontal extension distance;
4. Amount of arm elevation;
5. Amount of force applied to the hand;

6. Accuracy required to complete the task.

IDEAL WORKING SCENARIO 60° MAXIMUM ANGLE OVERHEAD BEST CASE DISTANCE FROM BODY

Figure 1.7: Example of overhead work
https://www.safetyandhealthmagazine.com/articles/

21184-reducing-the-risk-of-msds-from-overhead-work-new-resources


https://www.safetyandhealthmagazine.com/articles/21184-reducing-the-risk-of-msds-from-overhead-work-new-resources
https://www.safetyandhealthmagazine.com/articles/21184-reducing-the-risk-of-msds-from-overhead-work-new-resources
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Of all six factors, the direction of force applied to the hand is the most influential
factor in reducing the risk of injury during overhead work. The application of forces
in line with gravity, in a vertical and downward direction, results in the least muscular
effort. The maximum force that can be produced is also greater in this same vertical and
downward direction, in fact you are stronger in the latter. [13]

Therefore, changing the direction of force applied to the hand can be used as a method
to reduce the risk of injury when overhead tasks must be performed. Also, decreasing
any of the above factors in combination with the direction of force applied to the hand
would reduce the risk of injury such as by decreasing the horizontal reach distance or the

amount of force applied to the hand required to complete a task. [14]

1.3.2 Fatigue accumulation

Numerous scientific studies [15, 16] have demonstrated that arm elevation increases fa-
tigue of the shoulder complex. In addition, the increased hand force required to complete
a task, the use of heavy tools, and high-precision tasks such as electrical wiring further,
increase the accumulation of shoulder fatigue during overhead work. [15]

In the field of ergonomics, the work cycle is a significant measure for highlighting precau-
tionary considerations for repetitive work tasks. The duty cycle determines the portion of
an activity cycle during which effort is exerted, with 1.0 representing one hundred percent
of the cycle. For instance, if a task requires holding a tool for 5 seconds in a cycle that
repeats every ten seconds, the work cycle would be 0.5. [16]

General guidelines have been developed to suggest that tool masses greater than 1.25 kg
and duty cycles greater than fifty percent should be avoided for two-hour shifts involving
overhead work. [15]

Moreover, there is evidence [17| indicating that the manner in which a task is performed
can affect the accumulation rate of fatigue in the shoulder. Endurance times for overhead
work can be extended by up to twentyfive percent by employing shorter cycle times. For
example, for a repetitive work task that takes a total of two minutes, with 1 minute de-
voted to overhead work, it might be beneficial to divide that minute of overhead work
into multiple parts over the two-minute period rather than completing it all at once.
Overall, reducing hand force or tool mass, work cycle, or overall cycle time during over-

head work are all techniques that can be used to decrease the risk of shoulder MSDs when
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performing overhead work activities. [16]

1.3.3 Bone movement

During overhead work, the humerus shifts upward. As a result, the subacromial space
(i.e., the humerus-acromion distance) decreases, increasing the risk of catching tendons.
[18]

It is an important consideration because the supraspinatus tendon, which represents part
of the rotator cuff muscle, must pass through this space. The site of most initial rotator
cuff injuries, including tears and tendinitis, is this tendon.[18, 19|

The subacromial space decreases with arm elevation and is minimal when the arm is raised
between 60-90 degrees of elevation. Impingement or crushing of the tendon between the
bones is a common consequence of overhead work, especially between 95-106 degrees
of elevation. Therefore, it is recommended to keep the upper arm below 60 degrees of

elevation. [19]

acromion

A"?[\ clavicle subacronya i ) |
=N\ p=

rotator cuff

bursa
biceps
tendon
socket
(glenoid)
ball
(humerus)

Figure 1.8: Anatomical components of the shoulder.
https://www.kneehipandshoulder.com/conditions/shoulder-problems/

shoulder-impingement-syndrome/


https://www.kneehipandshoulder.com/conditions/shoulder-problems/shoulder-impingement-syndrome/
https://www.kneehipandshoulder.com/conditions/shoulder-problems/shoulder-impingement-syndrome/
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]

subacromial Pouin \ subacromial space
space —g-,.*:-_-’q“ » impingement
- ,- :__,.d"" —‘\ , % b ".- 43 oy i,
— _...--""": \ ~ A

= e

y f
\ a— o, .
S Fd

(a) (b)

Figure 1.9: a) Reduction of subacromial space during humeral elevation b) Angle elevation
exeed 90 degree, impingement occurs.
https://www.kneehipandshoulder.com/conditions/shoulder-problems/

shoulder-impingement-syndrome/

1.3.4 Muscle capacity

Regardless of the structure of the task, the shoulder muscles are fatigued much more
quickly by overhead work than by non-overhead work. In general, when arm elevation
exceeds 60 degrees the muscles surrounding the shoulder complex are less effective. [20|
Therefore, engaging in an overhead activity requires greater muscular effort compared to
a similar activity performed at a lower height. Consequently, this heightened exertion can
contribute to the accelerated onset of muscle fatigue. [20]

The shoulder heavily relies on muscular support to maintain joint stability, and when
muscles become fatigued, it can negatively impact work performance, compromise joint
stability, and increase the susceptibility to musculoskeletal disorders. Specifically, fa-
tigued shoulder muscles, including the rotator cuff muscles, are less capable of sustaining
the proper alignment of the upper arm bone within the joint causing the impingment
mentioned above. [21]

Hence, it is recommended to incorporate regular rest periods when engaging in overhead
work activities to allow the muscles surrounding the shoulder complex sufficient time for

recovery. [21]


https://www.kneehipandshoulder.com/conditions/shoulder-problems/shoulder-impingement-syndrome/
https://www.kneehipandshoulder.com/conditions/shoulder-problems/shoulder-impingement-syndrome/
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In particular, when performing overhead work, it is important to have certain cautions
as minimizing arms away from the body, ensuring that the upper arm remains below an
elevation of 60 degrees, avoiding high-precision tasks, applying forces in line with vertical

movement, and incorporating regular rest periods. [22]

1.4 The way of prevention

The design of a workplace is a vital factor in the development of Musculoskeletal Dis-
orders. When individuals exceed their body’s limits and abilities while working, they
put their musculoskeletal system at risk. An unbiased evaluation of the workstation will
offer us valuable insights into whether the individual’s recovery system can cope with the
fatigue associated with the job. (43|

After completing the risk assessment, a prioritized list of measures should be drawn up
and workers and their representatives should be involved in their implementation.

To minimize the severity of any injuries, one must focus on primary prevention by en-
suring that all workers have the correct information, proper education and training in
occupational health and safety, in order to avoid specific hazards and risks.

Measures can include the following areas:
e Workplace structure: adapt the structure to enhance work postures;

e Equipment: make sure it is ergonomically designed and suitable for the tasks to be

completed;
e Tasks: modify work methods or tools;

e Management: plan work to avoid repetitive or prolonged work in poor postures so

as to schedule rest breaks, rotate tasks or redistribute work;

e Organizational factors: develop a policy on MSDs to improve work organization and

the psychosocial environment in the workplace and promote musculoskeletal health.

Prevention actions must also take into account the technological changes in equipment
and digitization of work processes to which it is inevitable to be subjected, and related

changes in the way work is organized. It must also be considered in the management
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approach to MSDs monitoring and health promotion, rehabilitation and reintegration of

workers already suffering from MSDs. [6]

The rising rate of MSDs in recent years calls for a solution. Exoskeletons are one of the
most promising solutions to reduce MSDs. These devices facilitate assistance to specific
anatomical areas that receive increased biomechanical load. The use of exoskeletons is
particularly useful for employees who perform activities that require holding their arms
in an elevated position at an angle greater than 90 degrees or for more than five minutes.
These prolonged or uncomfortable positions can subject the musculoskeletal system to
significant stress and increase the risk of suffering from musculoskeletal disorders.

By providing additional support to the arms and back, exoskeletons can help workers
avoid these MSDs and reduce the risk of workplace injuries while also increasing their
productivity. It is therefore important for employers to consider implementing ergonomic
solutions, including exoskeletons, in their workplace design to ensure the health and safety

of their employees. [3]



Chapter 2

An 1mmnovative solution: exoskeleton

The exoskeleton is one solution that has recently attracted attention in the scientific and
industrial world.[23] The latest trend in automation and data exchange in the manufac-
turing industry is Industry 4.0. The concept involves cyber-physical systems monitoring
the physical processes of a factory and making decentralised decisions as a ’smart factory’,
which has been classified as the fourth industrial revolution. Technical assistance, where
systems have the ability to assist humans with difficult or unsafe tasks, is one of the
philosophies of Industry 4.0. There are many manual tasks that could be automated, but
many others are difficult to perform because they require human precision, skill, decision-
making, flexibility and mobility. [24]

A further evolution of Industry 4.0 is Operator 4.0, which is a consideration of the
technology-enhanced worker. One such augmentation could be the use of exoskeletons,
which can help reduce the trade-off between automation and manual tasks that require
human skills. An exoskeleton is a wearable technology designed to augment and assist
human movement, thereby reducing the physical wearer, which in turn should reduce the

risk of developing MSDs. [25]

The main application of exoskeletons to date has been in the medical and rehabilita-
tion field, where the purpose of the device is to be of assistance and/or support to people
with physically weak, disabled or injured people in activities of daily living (ADL) or
rehabilitation exercises. |23|
A small number of exoskeletons have been developed for military applications, to increase

the muscular strength of soldiers or to increase their carrying capacity. [23] In terms of

21
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industrial applications, the concept is relatively new and, as such, research and develop-
ment is still in its infancy, with many concepts yet to be tested beyond the laboratory.
Most industrial exoskeletons can be categorised as either trunk exoskeletons, which assist
with trunk flexion/support to prevent back injuries, or upper body exoskeletons, which
assist the upper limbs in lifting or provide postural support. An upper body exoskeleton

could be beneficial in assisting with static overhead work. [26]

2.1 History of exoskeletons

The early idea of the exoskeleton can be traced back to the end of the 19th century, but
the first successful prototype called the Hardiman, appeared in the 1960s. [27| Hardiman
was initially developed for military purposes to increase the strength and performance of
the wearer. It operated in a master-slave configuration with multiple hydraulic actuators.
This configuration implemented two overlapping exoskeletons, the inner exoskeleton was
designed to follow the human movement, which could eventually be used to drive the
hydraulic actuators of the outer exoskeleton. The device remained at the prototype level
due to its relatively high weight and complexity. [28|

Subsequently, an upper limb exoskeleton with the idea of physical human-robot inter-
action (pHRI) was presented by Kazerooni et al. pHRI allows the direct transfer of
mechanical power without using a master-slave system. This kind of exoskeleton is also
called Extender because is a class of robot manipulators which will extend the strength of
the human arm while maintaining human supervisory control of the task. The commands
given to the Extender by the human operator are taken directly from the interacting
force between the human and the Extender. This interaction force is also used to help
the extender manipulate an object, i.e. the force and information signals are transmitted
simultaneously. The extender’s controller translates the interaction force signals into a
motion command for the extender. This allows the human to give tracking commands to
the extender in a natural way. [29|

Meanwhile, the University of Tsukuba started to develop a hybrid assistive limb (HAL),
which was later commercialised. HAL was initially developed to assist disabled people

with ADL, but later versions were also developed for industrial applications. [27]
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The HAL for Care Support is composed of an exoskeletal frame, power units, and lumbar
and thigh molds. The exoskeletal frame is equipped by fixing the lumbar and thigh molds
which is important to control the lumbar movement. A triaxial accelerometer embedded
in the exoskeletal frame measures the absolute angle of the trunk. The power supply
units are located bilaterally on the carrier’s large trochanters and contain angular sen-
sors for measuring the angle of the hip joint and potentiometers for measuring relative
angles of the knee and hip. [30] Actuators within the power units produce the torque
transmitted from HAL for Care Support to the wearer through the frame. Electrodes
on the wearer’s skin surface over the lumbar musculus erector spinae detect nerve and
muscle action potentials as bio-electrical signals (BES) to sense the wearer’s intention
of performing a lifting motion. Because of this mechanism, the HAL for Care Support

can coordinate the level and timing of the torque to assist the motion of the hip joint. [30]

Figure 2.1: Hardiman exoskeleton.
https://cyberneticzoo.com/man-amplifiers/

1966-69-g-e-hardiman-i-ralph-mosher-american/


https://cyberneticzoo.com/man-amplifiers/1966-69-g-e-hardiman-i-ralph-mosher-american/
https://cyberneticzoo.com/man-amplifiers/1966-69-g-e-hardiman-i-ralph-mosher-american/
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Human-Limb

Figure 2.2: pHRI exoskeleton.
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Figure 2.3: HAL exoskeleton.

Jhttps://robofit.com.au/meet-hal/|
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2.2 Exoskeletons classification

Within the category of industrial-use exoskeletons, there are various classifications aimed
at which part of the body or on their actuating devices, which can be lower or upper
extremity, back, full body or electric, pneumatic, hydraulic and hybrid. [31] All of these
different types of exoskeletons can be divided into three broad sub-categories based on

the way the assistance is generated:

1. Active exoskeletons, require an external power source in order to supply and control

the actuation system to augment human performance; [32]

2. Passive systems use material compliance to offset gravity and/or elastic elements to
store and release energy during movement to help workers perform physical move-

ments; [32]

3. Semi-active or adaptive exoskeletons, with both active and passive components, or
operating modes integrated in the design of the exoskeleton where the systems use
an external energy source to adapt the inherently passive support characteristics to

the changing demands of varying activities. [33]

2.2.1 Active exoskeletons

Active exoskeletons use power systems such as motors, hydraulic systems or pneumatic
systems to increase human power or reduce the body’s energy consumption. They consist
of one or more actuators (e.g. electric motors) that actively add power to the human
body. In active control mode, the robotic exoskeleton provides all the necessary motion

to the limb. [34] The main drive systems of active exoskeletons are described below:

1. Electric actuators: One advantage of electric motors over pneumatic and hydraulic
systems is the accuracy of position control and ease of programming; they are
equipped with sufficient bandwidth, but have a lower power/weight ratio and re-
duced load capacity due to power consumption and battery life. In addition, they
are expensive, large and heavy and can overheat.

Electric motors can provide a constant force throughout the rotation of the joint,
whereas an artificial pneumatic muscle provides a higher force at the beginning of

the stroke and a lower force at the end of the stroke. Most of the existing active
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exoskeletons use brushless DC motors because they have a better power-to-weight
ratio than others, high torque to weight ratio, low noise and reliability. [35]

Electric motors are usually coupled to a gearbox to increase torque and reduce
speed, but the gearbox can be heavier than the motor itself and certainly increases
the weight of the drive unit. Therefore, the efficiency and weight of reduction sys-
tems for a given reduction ratio will vary depending on the type of reduction system.
Some exoskeletons use mass-coupled motors on the structure to drive each rotating
joint. However, placing the actuator at the user’s joints increases both the inertia
of the exoskeleton and the size of the motors, as well as introducing misalignment.
In addition, the actuator at one joint would have to carry the load of the actuator
at the next joint, and so on. One method of solving these problems was to use
cable transmission systems. This approach uses cables to transmit movement and
forces, allowing the actuators to be mounted away from the couplings on a fixed

base, resulting in low weight, reduction in motor size and their cost. [36]

Electric Actuator

Actuator

Ball screw

Motor

Figure 2.4: Example of electric actuator and its components.
https:

//www.igsdirectory.com/articles/linear-actuator/electric-actuators.html

2. Pneumatic actuators: Two types of pneumatic actuators have been developed to
date: pneumatic cylinders and artificial pneumatic muscles (PAMs or PMs).
Pneumatic cylinders are a simple, low-cost actuation source that has been used for

many years in mechanical and prosthetic applications, and they are well suited to


https://www.iqsdirectory.com/articles/linear-actuator/electric-actuators.html
https://www.iqsdirectory.com/articles/linear-actuator/electric-actuators.html
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simple, repetitive tasks that require a very limited amount of system control. [37]
However, they have not been widely used in advanced robotics because of some key
problems due to the compressibility of the fluid, such as low accuracy, difficulty of
control and compliance, i.e. the position of the piston is significantly affected by
changes in load. Although they can provide good force control, they cannot provide
precision in motion control. Instead, their compactness, high power-to-weight ratio
and safety are good advantages to be exploited in robotic applications. However,
the cylindrical shape of the actuators and the fact that the force is transmitted by a
piston make the load and the variable supply pressure affect the positional accuracy
of the system. [37]

For this reason, pneumatic muscle actuators have been introduced to overcome these
problems, thanks to their elastic material that forms a seal to limit and control the
expansion of the air and control the movement of the actuator. This is how the idea
of a braided pneumatic muscle, the McKibben muscle, was developed for prosthetic
applications in the 1960s. |38]

Due to their intrinsic deformability and similarity to human muscles, Pneumatic Ar-
tificial Muscles (PAMs) have been used in human-interactive systems, offering safety,
compliant behaviour and a higher power-to-weight ratio than electric motors. The
main drawbacks of this technology are reduced stroke, highly non-linear behaviour
requiring sophisticated control, bulky air supply and unidirectional pulling force.
Mainly to improve the stroke of these deformable actuators and to overcome the
limitations in the direction of the applied force, several architectures have been de-
veloped to transmit the motion between the PAM and the end effector. Due to
their passive properties when inflated with pressurised air, PAMs can also be used
as passive elements within the structure of an exoskeleton to provide support for
the user, similar to spring-based systems that use elastic components to compensate
for the effects of gravity, reducing weight and volume compared to active solutions.
For industrial applications, the goal is typically to assist workers in load handling,
repetitive movements, overhead manipulation of objects, and to relieve excessive
physical fatigue in manual tasks, while always ensuring the user’s movements and
allowing a relatively high shoulder flexion angle. Because of their advantages, passive

devices are usually used. In particular, they often include passive spring mechanisms
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and levers to provide assistive torque at the shoulder. [39|

Cylinder head .
Piston rod ,_._V.Jn erhea Cylinder cap

Tube Piston
Figure 2.5: Example of Pneumatic cilinder and its components.
https://www.maconresearch.com/

grasso-lubrificante-per-cilindro-pneumatico-e-valvola-pneumatica

Figure 2.6: Example of Pneumatic artificial muscle.

https://www.instructables.com/How-to-make-air-muscles!/

3. Hydraulic actuators: A hydraulic actuator applies a lot of force while compress-
ing liquids, which is almost seldom the case, showing a larger torque than other
actuators, and good precision. They have high output, but they are bulky and
have problems with low energy efficiency. Despite this, they are heavy, and require

pumps and valves to operate, besides suffering from fluid linkage. According to


https://www.maconresearch.com/grasso-lubrificante-per-cilindro-pneumatico-e-valvola-pneumatica
https://www.maconresearch.com/grasso-lubrificante-per-cilindro-pneumatico-e-valvola-pneumatica
https://www.instructables.com/How-to-make-air-muscles!/
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the hydraulic actuator’s operating concept, liquid pressure rather than instrument
air pressure is used to exert pressure on the diaphragm, which subsequently moves
the valve actuator and the position valve’s stem. Almost all varieties of hydraulic
actuators convert liquid pressure into mechanical power using a piston rather than

a diaphragm. [40]

Hydraulic Actuator

One-Piece Manual Release
Alloy Housing Valve (optional)

Pilot Operated

Double- Acti
ouble-Acting Check Valve

Hydraulic
Cylinder

Stainless Steel
Piston Rod

Permanent

Magnet DC Motor Internal Relief Valves

Pump & Reservoir

Figure 2.7: Example of electro-hydraulic actuator and its components.

https://www.hydrauliccylindermanufacturers.net/hydraulic-actuators/

However, to overcome these weaknesses, it could be possible to consider a hydraulic system
operated by electrical power to control the exoskeleton through an electro-hydraulic actu-
ator (EHA). The pump-controlled EHA is a more flexible system than the valve-controlled

conventional hydraulic pump system. [40]

2.2.2 Passive exoskeletons

Passive exoskeleton systems are potentially less effective than active exoskeleton systems,
but they are lighter and simpler because there is no control, providing a high power-to-
weight ratio. Passive exoskeletons cannot actively support movement, so they are limited
to generating resistive forces and compensating for gravity, e.g. they are used to compen-
sate for the gravitational potential of the human arm.

Springs and dampers are often used as 'passive actuators’ to provide a resistive force to
augment human power by storing energy and releasing it when needed and/or transfer-

ring force from one part of the body to another without adding inertia. These systems


https://www.hydrauliccylindermanufacturers.net/hydraulic-actuators/
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also have the advantage of not requiring electrical power, which reduces the weight and
volume of the exoskeleton. [41]

In a review by de Looze et al. (2016), it is evident that commercially developed exoskele-
tons are mainly passive in nature with a focus on reducing physical strain during dynamic
lifting and static bending. In theory, a passive exoskeleton would counterbalance gravity,
arm weight and the load being handled, thus decreasing the risks of MSDs. [42]

The benefits of exoskeletons in reducing physical load have been demonstrated in labo-
ratory settings. Barrett and Fathallah (2001) reported that the PLAD, HappyBack, and
Bendezy passive trunk exoskeletons reduced erector spinae muscle activity by 21-31%
during static bending while holding a load. [44]

In terms of active systems, Huysamen et al. (2018) investigated the effect of an active
trunk exoskeleton for dynamic lifting and reported a significant decrease in reduction in
muscle activity of the erector spinae, from 55 to 45% MVC a 27% reduction and biceps
femoris from 24 to 19% MVC, a 20% reduction.

Several passive upper arm devices have been developed in recent years, including the
Levitate exoskeleton. In a study by Spada et al. (2017b), this exoskeleton showed a
positive effect on activities involving a raised-arm posture, with an average increase in
30% and fatigue was perceived to be less when wearing the exoskeleton than when not.
However, little is known about the potential benefits of these exoskeletons for the biome-
chanical strains associated with manual handling tasks.

Theurel et al. (2018) investigated the physiological consequences of using a passive upper
limb exoskeleton (EXHAUSS Stronger®)) during manual handling tasks and concluded
that the exoskeleton effectively reduced the workload on the shoulder flexor muscles dur-

ing manual lifting /lowering and stacking/unstacking tasks.

Previous studies and developments have shown that it is a challenge to realise techni-
cally feasible exoskeletons with a user-centered design. Research has shown that prototyp-
ing exoskeletons do not always lead to the intended outcomes, because the exoskeletons
do not meet the needs of the end-users or stakeholders, for example, the physical strain is
not reduced or the acceptance of the device is low (Almenara et al, 2017). In other cases,

the main objectives were achieved by reducing the load on the targeted muscle groups,



CHAPTER 2. AN INNOVATIVE SOLUTION: EXOSKELETON 31

but other parts of the body experienced increased load and high local discomfort due to
the forces exerted on the body by the exoskeleton.(de Looze et al, 2016).

For example, the EXHAUSS Stronger(®) passive upper limb exoskeleton increased up-
per arm antagonistic muscle activity, postural tension, cardiovascular demands and even
changes in upper limb kinematics. (Theurel et al., 2018). In addition, the three passive
trunk exoskeletons mentioned above increased the muscle activity of one or more leg mus-

cles (Barrett and Fathallah, 2001). [44]

In order to look more closely at the requirements that an exoskeleton must have, it is

better to start by analysing the anatomy of the shoulder complex.

2.3 The shoulder complex

The goal of an exoskeleton is to imitate the kinematics and dynamics of the human mus-
culoskeletal system to support the movement of the limbs, which is difficult with existing
mechanisms and operating modes. Because of the complex anatomical structure, there is
no coherent kinematic pattern for the human upper limb in the biomechanical literature
to help us conceive exoskeletons. In addition, the design parameters of the exoskele-
ton depend heavily on the expected application. It is therefore necessary to analyze the
anatomy of the human upper limb in order to conceive the exoskeleton taking into account
the application of the end user. [45|

The human upper limb consists of a complex skeletal structure, as shown in Figure 2.2a,
which includes the shoulder complex, elbow complex, wrist and fingers, which have mul-
tiple joints. The shoulder complex consists of three bones: the clavicle, the scapula and

the humerus, and four joints shown in Figure 2.2b:

1. The glenohumeral joint (GH);
2. The acromioclavicular joint (AC);
3. The sternoclavicular joint (SC);

4. The scapulothoracic joint (ST).

The four joints with the thorax providing a stable base. The glenohumeral joint is com-

monly referred to as the shoulder joint. The sternoclavicular joint is a single joint that
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connects the shoulder complex to axial skeleton. The acromioclavicular joint is formed by
the lateral end of the clavicle and the acromion of the shoulder blade. The sternoclavicu-
lar joint is a compound joint with two compartments separated by articular discs and it is
made up of the clavicle, the sternum and the cartilage of the first rib. The scapulothoracic
joint is not a joint because it is a bone-muscle-bone articulation that is not synovial. It is
formed by the female surface of the shoulder blade and the male surface of the rib cage.
However, it is considered a joint when describing the movement of the scapula over the
thorax.

In principle, the shoulder complex can be modelled as a ball and socket joint. Tt is formed
by the proximal part of the upper arm bone (humeral head) and the female part of the
shoulder blade (glenoid) and the GH joint has three degrees of freedom (DOFs) with axes
intersecting perpendicularly in the GH joint center. However, the position of the centre

of rotation of the shoulder joint changes with the movements of the upper arm. [46]
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Figure 2.8: a) The human upper limb composition. [46] b) Anatomy of the shoulder
complex. [47]

The main movements of the shoulder complex, presented in the Figure 2.3, are per-
formed by the glenohumeral are shoulder flexion /extension(motion in the sagittal plane),
shoulder abduction /adduction (motion in the frontal plane) and internal /external rotation

(motion in the transversal plane).
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Figure 2.9: DOF of the upper limb
State-of-the-ArtAssistivePoweredUpperLimbExoskeletonsforElderlyAkimKapsalyamovl,

ShahidHussain, landPrashantK.Jamwal2, 3, SeniorMember, IEEE.

The sternoclavicular joint has two degrees of freedom (DOF), commonly known as
shoulder elevation/depression and abduction /protraction, which cause the glenohumeral
joint to move transitorily. This gives the shoulder a total of five DOF.

The elbow complex has two DOFs, elbow flexion /extension and forearm pronation /supina-
tion, while the wrist has two DOFs, wrist flexion/extension and radial/ulnar deviation.
The rotational axes of both wrist DOFs pass through the capitate carpal bone.

The movement of the shoulder girdle (clavicle and scapula) is more important than the
movement of the arm below the shoulder during arm elevation. As the arm elevates, the
ratio of scapular rotation (rotation of the shoulder blade relative to the trunk) to humeral
rotation (rotation of the humerus relative to the shoulder blade) generally rises. If the
movement of the shoulder girdle is restricted, the arm cannot be raised beyond a certain
position. Therefore, translation of the glenohumeral joint is essential to allow the arm
to be raised. If the translational movement is restricted by external forces, the range of
motion (ROM) of the shoulder joint will be limited and this can cause pain in the joint.

47]


State-of-the-Art Assistive Powered Upper Limb Exoskeletons for Elderly Akim Kapsalyamov1, Shahid Hussain,1and Prashant K. Jamwal2,3, Senior Member, IEEE.
State-of-the-Art Assistive Powered Upper Limb Exoskeletons for Elderly Akim Kapsalyamov1, Shahid Hussain,1and Prashant K. Jamwal2,3, Senior Member, IEEE.
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In this project, particular attention was paid to providing the user with at least two
degrees of freedom to allow flexion-extension in the sagittal plane, the most common

movement in overhead work, and abduction-adduction in the transverse plane.

2.3.1 Shoulder center rotation

The GH joint connects the humerus to the shoulder girdle so that the variable amount of
displacement of the center of the GH joint is equal to the overall translational movement
of the shoulder girdle. It is possible to establish the coupling relationship between the
variable amount of displacement of the joint centre relative to the thoracic coordinate
system and the humeral elevation angle can produce the kinematic model of the shoulder
complex for a given pointing position.

In order to evaluate the displacement of the joint center as a function of the humeral
elevation, and possibly extrapolate the information on the motion, few experimental tests
were carried out by few researchers|48, 49|. Prior to this, measurements of the GH joint
movement information were taken with the subjects in an upright position, arms straight,
right shoulder relaxed to hang naturally without bending the elbow.

At the start of the experiment, the subjects wore the recording mechanism and the wearer
was adjusted so that the axes of three rotational joints intersected vertically at the centre
of the GH joint. The detection mechanism includes a horizontal and a vertical tracking
mechanism. This tracking system consists of two tracking mechanisms, one horizontal
and one vertical. The first one places two DOFs, mounted on the support plate, and
consists of two interconnected guide strip tracking mechanisms, equivalent to prismatic
joints, and tracks the displacement variable of the GH joint in the horizontal plane. The
second places a DOF, mounted on the horizontal mechanism and consists of a strip slide
mechanism and a pulley mechanism. The strip slide mechanism tracks the displacement
variable of the GH joint in the direction of the vertical axis, with sufficient range of motion
to track the movement of the vertical axis of the GH joint. The pulley mechanism can bal-
ance the gravity of the vertical slide mechanism of the guide strip. The wear mechanism
has three rotating DOFs with axes that intersect vertically at the centre of the GH joint
and is mounted on the vertical mechanism. It consists of three interconnected rotating
joints and follows the three-dimensional (3D) rotation of the GH joint.The function of the

wearable mechanical system is to fully track the motion information of the GH joint in
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the upper limb accessible workspace.

Participants performed the elevation of their right arms in the sagittal and coronal planes,
and the elevation angle varied from 0 to 120. During the natural lifting and lowering of the
humerus, it was noted how it is impossible that the motion of the humerus is completely
guaranteed in the single elevation plane. In fact, the angle of the elevation plane has a
small variability (less than 5 degree). For small variations in the angle of the elevation
plane, the variable amount of displacement of the centre of the GH joint is almost equal
to zero. Thus, the plane of elevation of the single motion is assumed.

During the experiments, the movements of raising and lowering the humerus in the sagit-
tal plane and the variable central displacement of the GH joint relative to the thoracic
coordinate system were observed in the X, Y and Z directions, respectively, as shown in
Figure 2.10, where the ascisse represent the degree of completion of the five cycles. the
x-axis is equal to the frontal axis, and the direction is from the sternum to the GH joint
center, the z-axis is equal to vertical axis and the direction is upward, y is the cross product
of vector z and x, and the coordinate origin is the deepest point of the incisura jugularis.
During the movement of raising and lowering the humerus, the variable displacement of
the centre of the GH joint was large and smooth in the X, Y and Z directions, confirming
the relationship of coupled movement between the variable amount of displacement of the

centre of the GH joint and the humeral elevation angle in the sagittal plane. [47]
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Figure 2.10: Diagrams of the glenohumeral (GH) joint motion information during humeral
raising and lowering movements of five cycles in the sagittal plane: (a) X-direction of the
GH joint displacement variable quantity, (b) Y-direction of the GH joint displacement
variable quantity, and (c) Z-direction of the GH joint center displacementa. [47]
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raising and lowering movements of five cycles in the coronal plane: (a) X-direction of the
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variable quantity, and (c) Z-direction of the GH joint center displacementa. [47]
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By knowing the displacement of the CoR, it is possible to take this factor into account
when designing wearable devices for the back and shoulders, although it is a problem to
detect it visually on a person’s body and design a device that follows the movement of
the centre of the joint. Sometimes other solutions, such as adding rounded degrees of

freedom, get around the obstacle.

2.4 Exoskeleton requirements

Design requirements of an upper arm exoskeleton device essentially include a proper
choice of severals DOF, correct dimension of the various parts, type of actuators, and the
way of force trasmission, in order to provide the desired functionality also accompanied
by adequate ergonomics. Based on the knowledge of the state of the art in upper arm
exoskeleton systems, the basic technical specifications could be inferred. |50]

The exoskeleton robot should generate natural movements of the upper limb without
the wearer feeling any vibrations, jerks or sudden changes in movement. Small, high-
torque actuators with a high power-to-weight ratio are essential to developing such an
exoskeleton robot, which should not add undue weight to the wearer. These requirements

can be focused on:

e Comfort of wearing:
the structures of exoskeletons should be flexible with high strength. These systems
should be lightweight to avoid discomfort or fatigue for the user. Therefore, the
materials of the exoskeleton structures should be specially considered so that the

exoskeleton system becomes a second skin for the wearer [51];

e Compatibility: because upper limb exoskeletons need to operate in parallel with the
human upper limb and are attached to the human arm in multiple locations, they
need to adapt to different arm lengths of the wearer, requiring additional prismatic

joints |50];

e Power to weight ratio: the amount of energy required to support each joint in the
body is usually high. It is therefore essential to use actuators with a high power
to weight ratio to create lightweight exoskeletons with sufficient force and speed

to move the joints correctly. The weight must be reduced as much as possible to
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avoid uncomfortable loads for the user; in fact, the lower the weight of the device,
the lower the inertia in operation. The actuators are components that significantly
increase the weight of the exoskeleton, so it is essential to reduce the number of
actuators by incorporating passive and quasi-passive elements into the design. For
example, it is important to include brakes or clutches to maintain a fixed position
at certain times. In addition, shock absorbers reduce the impact of the system’s

own forces, and springs add some momentum to the initial phase of movement.|50]

e Range of motion: wearable exoskeletons are not able to provide a wide range of
motion compared to the human upper limb. As the mechanisms supporting shoulder
glenohumeral movements tend to reduce the actual upper limb workspace, several
studies have attempted to address this limited workspace challenge in their design by
considering shoulder girdle movements that accept complex and heavier mechanisms.
To achieve the desired workspace, it is necessary to analyse the mutual ROM for
the human arm and exoskeleton, which can be done by analysing the kinematic and
dynamic model of both systems. However, the large ROM can only be achieved at

the cost of a complex and heavier mechanism [51];

e Reduction load and discomfort: however, while exoskeletons can reduce stress on
certain parts of the body, they can also have unintended consequences, such as in-
creasing stress and/or discomfort in other areas of the wearer’s body. Typically,
discomfort occurs where the exoskeleton is in contact with the wearer’s body. For
example, in a simulation of overhead work, the use of a passive upper limb exoskele-
ton reduced the load on the upper arm and shoulder, but slightly increased the
load on the lower back. Therefore, even if a mechanical advantage is confirmed,

eliminating or minimising such discomfort is another design goal [50|;

e Center of rotation of the shoulder complex: shoulder complex is one of the biome-
chanically complex area in the human body, in fact its center of rotation (CR)
changes with its motions. So, design of a proper shoulder mechanism for an upper
extremity robotic exoskeleton to change its CR with its motions is a very difficult
task to be accomplished. Yet, it is necessary to cancel the ill effects caused by
the position difference of the CR of the exoskeleton robot shoulder and that of the

human shoulder. Redundant DOF is incorporated into the active exoskeleton struc-
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ture to prevent misalignment, or at least to reduce the degree of misalignment. This
is achieved by adding passive joints that perform these additional DOF, which are

free to rotate or translate. [52]

The design of this exoskeleton attempted to meet the requirements as best as possible,
and due to their specifications and characteristics, it was decided to use artificial muscles

as pneumatic actuators, which will be discussed in more detail in the next chapter.



Chapter 3

Artificial Pneumatic Muscle

A pneumatic artificial muscle (PAM) is a pneumatic actuator capable of converting pneu-
matic power into pulling force. Besides to flexible actuators used in various applications,
there are several types of conventional actuation mechanisms such as: electric motors,
hydraulic actuators, pneumatic pistons, and shape memory alloys (SMAs). However, the
use of artificial muscles is more advantageous than other actuation mechanisms due to

their following benefits: |53]
e High force-to-weight ratio: PAMs are lightweight and produce a strong force;

e Flexible structure: PAMs provide flexibility and compliance for the applications in

a pressurized or unpressurized condition;

e Variable installation options: PAMs deliver a safe and compatible interaction with
the human environment only by controlling the volume flow rate of operating air

into the muscle;
e No mechanical wear;
e Minimal compressed air consumption;
e Size availability;

e Low cost: Simple PAMs can be fabricated from inexpensive materials, which reduce

the overall manufacturing cost;

e Strong reliability for human use: PAMs can be made to have a soft touch due to

the intrinsic and adjustable compliance.

41
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Flexible actuators are characterized by the presence of a thin-walled membrane, with
high deformability, which delimits a chamber in which the pressurized fluid acts; it is
lightweight and capable of collecting the force that results from the action of the pres-
surized fluid. On this deformable chamber, kinematic constraints are imposed selective
and directional that allow it to expand along particular predefined directions, for example
only radially or only axially, preventing the deformation in other directions.

An important feature of this type of actuators is the ability to operate with different flu-
ids, generic, with no particular viscosity, homogeneity and compressibility characteristics.
It can, therefore, use fluids that are safe, economical, explosion-proof and lightweight.
These actuators can work with water, air, and oil. In addition, they can operate in hos-
tile environments, with strong temperature gradients, vibrations, dust, electromagnetic
disturbances.

Another important feature of these actuators is the possibility to operate easily in the pres-
ence of assemblies with significant misalignments, without introducing onerous stresses
due to configurations that are hyperstatic.

In general, the PAM can generate large pulling forces with minimal compressed air con-
sumption due to its high force-to-weight ratio and relatively small size. Infact, these
actuators are statically sealed, free of friction losses and working fluid leakage. [54]
Their operating characteristic reports the actuation force generated at given pressure as
a function of the fraction of stroke performed. The actuation force, in fact, depends
not only on the level pressure of the working fluid p, but also by the fraction of stroke
achieved k. Additionally, due to the inherent properties of the elastic-viscous material,
to the geometric behaviors of the PAM shell, and to the compressibility of the air, PAMs
have a nonlinear behavior, of the type of that of an active elastic element, for which the
force generated is a function of the magnitude of the deformation achieved and the level

of pressurization of the actuator. [55]

3.1 The story of the PAM

In the 1950s, the PAM was first invented by physician Joseph L. McKibben for the con-
struction of artificial upper limbs for the disabled. At 1980s, a redesigned and more
powerful PAM was introduced by the Bridgestone Company, and has been utilized for
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paint applications in industry, for assistance to disabled people, and for service robotics.
PAM has found application in various types of humanoid and advanced robot systems.
It is primarily utilized as a robotic actuator in scenarios where compliance and a low
power-to-weight ratio are crucial. This is particularly relevant for machines designed for
walking, running, and humanoid robots. Shadow Group and FESTO for example, pro-

duce different models of PAMs for robotic and industrial applications. [55]

Figure 3.2: Medical applications of PAMs. [53|

Generally, PAMs are composed of a slender rubber tube, also known as a bladder,
which is encased within a woven mesh shell. Both ends of the bladder are sealed, with
one serving as the air inlet and the other connected to the load. When compressed air is
supplied to the PAM through the inlet port, the inner bladder expands radially, exerting
pressure against the braided mesh shell. However, since the braided mesh wires are not
stretchable, this causes the actuator to contract axially and generate tensile forces when

connected to the load. [56]



CHAPTER 3. ARTIFICIAL PNEUMATIC MUSCLE 44

The physics underlying the fact that human muscles are similar in function to PAMs,

which convert air power into traction force. Therefore, tensile force, length, air pressure,
diameter, and material properties constitute the main parameters that influence the dy-
namic behavior of PAMs. The relationships between these parameters show significant
variations among different PAM models.
Different types of conventional PAMs have been developed based on diverse operating
principles, applications, and design concepts. In the figure 3.3 it is possible to see six var-
ious types of PAMs: braided muscles, pleated muscles, PAM reinforced by Kevlar Fiber,
Yarlott Netted Muscle, Paynter Hyperboloid Muscle, ROMAC Muscle. [53]

()

(d) ()

Figure 3.3: Types of conventional PAMs:(a) McKibben Muscle/Braided Muscle; (b)
Pleated Muscle; (¢) PAM reinforced by Kevlar Fiber; (d) Yarlott Netted Muscle; (e)
Paynter Hyperboloid Muscle; (f) ROMAC Muscle. [53]

3.1.1 McKibben Muscle and its variants

Among the most common and widely used pneumatic muscles are the braided fiber mus-
cles also known as the muscles of McKibben, patented by Gaylord in 1958 and applied
in the biomechanical field by McKibben. His muscle consists of a deformable chamber
of cylindrical shape, an outer mesh that forms the constraint to the chamber when it is
pressurized, and two headers that allow connection to external constraints and load and

feeding with the pressurized fluid.
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The functionality of the McKibben muscle is based on the nonstretchability of the fibers
wrapped helically around the inner inflatable chamber, which are firmly attached to the
end caps.

This arrangement allows the actuator to be anchored and powered. When the inner cham-
ber is pressurized, it expands, making contact with the non-stretchable fibers surrounding
it. These fibers, attached to the end caps, bring the heads closer together as the pres-
surized fluid causes the chamber to assume a larger radial dimension. As a result, this

mechanism accomplishes muscle contraction.
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Figure 3.4: Diagram for structure of a McKibben muscle
PneumaticArtificialMuscles:actuatorsforroboticsandautomationFrankDaerden,
DirkLefeberVrijeUniversiteitBrussel,

DepartmentofMechanicalkEngineeringPleinlaan?,B-1050Brussels.

The structure of a variant of a braided Mckibben muscle is shown in the Figure 3.5, the
multifilament Mckibben muscle. This one consists of developing a multifilament structure
composed of several bundles of thin McKibben muscles to improve the contractile force
and contraction ratio of thin McKibben muscles. The structure of a thin McKibben muscle
is similar to that of the muscles of conventional McKibben muscles, the only thing that
changes is the size of the diameter which is 2-4 mm, while the diameter of conventional

MecKibben muscles is more than 10 mm. |57]


Pneumatic Artificial Muscles: actuators for robotics and automation Frank Daerden, Dirk Lefeber Vrije Universiteit Brussel, Department of Mechanical Engineering Pleinlaan 2, B-1050 Brussels.
Pneumatic Artificial Muscles: actuators for robotics and automation Frank Daerden, Dirk Lefeber Vrije Universiteit Brussel, Department of Mechanical Engineering Pleinlaan 2, B-1050 Brussels.
Pneumatic Artificial Muscles: actuators for robotics and automation Frank Daerden, Dirk Lefeber Vrije Universiteit Brussel, Department of Mechanical Engineering Pleinlaan 2, B-1050 Brussels.
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Figure 3.5: (a) Diagram for structure of a multifilament McKibben muscle; (b) with thin

muscles arranged in parallel (top) and with thin muscles intertwined.(bottom) [57]

Another type of pneumatic muscle is the straight-fiber muscle, which is a McKibben
muscle with the pitch of the fibers tending towards infinity. The fibers placed on the sur-
face of the elastomer chamber are no longer arranged along a helix, as in the McKibben’s
muscle, but along the meridians of the pressure chamber. The straight-fiber muscle con-
sists of carbon fibres and a latex-rubber tube. With this structure, the straight-fiber type
muscle can only expand in the axial direction assuming a barrel shape compared to the
McKibben muscle that has a radial expansion almost constant over the entire length.
58]

An interesting evolution of the straight is represented by the pleated muscle and the
Yarlott muscle.
The pleated muscle has no material deformation and friction when inflated. This is due

to the presence of numerous folds in the axial direction on the muscle membrane, and
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at the time of inflating it unfolds the folds. In essence, no external energy is required
to inflate the membrane, and due to the absence of friction, no hysteresis is observed.
The characteristics of this type of muscle depend on the ratio of total length to minimum
diameter, the deformation behavior of the membrane material, the speed of contraction,
and the applied pressure applied pressure.

Instead, the Yarlotte muscle comprises a prolated elastomeric bladder of spheroidal shape,
netted by a series of cords or wires. This actuator takes the shape of the spheroidal blad-
der when inflated, and when prolated, the axial wires straighten and push the bladder
into a shape characterized by a series of ridges and valleys.

Another significant example of a muscle, which avoids energy losses in the deformation
of the membrane, is the RoMaC muscle (Robotic Muscle Actuator). In the latter, the
membrane is collapsible and, for the change of geometry of the chamber, there is no need
for deformation of the material but the unfolding of the membrane. The RoMaC con-
sists of an articulating polylobe bladder harnessed by a wire netting and closed at either
end by fittings, where the bladder is made of a sheath that is characterized by its high
tensile stiffness, flexibility, and fluid-tightness. The netting or harness is comprised of
non-stretchable flexible tension links joining at nodes to form four-sided diamond-shaped
apertures in the network.

Figure 3.5 shows, rispectively, a schematic of the pleated, Yarlott and RoMaC actuator,
at rest and under load. [53]
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(a)

Figure 3.6: a) Actuator pleated b) Yarlott actuator ¢) RoMaC actuator c)a)standard

version, ¢) b)miniature version. [53|
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3.2 FESTO actuator

Another productor of different kind of PAMs is FESTO. The basic concept of FESTO
muscle is to wrap a waterproof tube with non-elastic fibers arranged in a rhomboid pat-
tern. This arrangement creates a three-dimensional grid structure, which deforms when
compressed air is fed into the PAM generating a tensile force in the axial direction, re-
sulting in muscle contraction.

The nominal length of the pneumatic muscle is determined at the time when it is un-
pressurized and free from any load, and this length corresponds to the visible part of the
muscle between its connections.

When a fluid muscle is pretensioned by an external force, in an a non-pressurised state,
it expands lengthways. The ideal pretensioned lenght is 0.5% of nominal length.

On the other hand, when the muscle is pressurised, it contracts and its length decreases
and developes maximum force with optimum dynamic characteristics and minimum air
consumption. The most effective operating range is provided with contractions below 9%,
but it can reach contraction values of up to 25%. The smaller the degree of contraction
of the Fluidic Muscle, the more effectively it works.

When there is a change in external force, the muscle behaves like a spring and follows the
application of force by aligning itself with the direction of the applied force.

With Fluidic Muscle, both the pretensioning force of this “pneumatic spring” and its spring
stiffness can be varied. The Fluidic Muscle can be operated as a spring with constant
pressure or constant volume. This produces different spring characteristics that enable

the spring effect to be matched perfectly to the application. [59]
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Figure 3.7: Example of a Fluidic Muscle DMSP elongated, at nominal length and con-
tracted and its characteristic at the pressure of 5.5 bar. [60]



Chapter 4

Original 1dea of exoskeleton

The use of exoskeletons in the workplace is an innovative technical solution from both a
functional and preventive point of view. When working at height, the contraction of the
muscles of the human shoulder complex should compensate for the torque generated by
the weight of the arm segments and possibly also by the weight of a tool.[61]

The idea behind this project is to develop a first prototype of an exoskeleton capable
of reducing the work done by the shoulder muscles and compensating for it through the
presence of FESTO artificial pneumatic muscles, presented in the previous paragraph,
capable of developing large pulling forces.

The exoskeleton is designed to consist of an adjustable back structure that houses the
muscles, and an arm, consisting of a strut and cuff that supports the wearer’s arm while
leaving the elbow and forearm free.

The exoskeleton is also characterised by the presence of two joints that allow two degrees

of freedom:

e the elevation of the arm from 90 to 135 degrees on the sagittal plane, then a rotation

around the medio-lateral axis;

e the abduction-adduction of the arm in the transverse plane by approximately 30

degrees in total.

An important role is played by the method considered for applying traction force, a strong
wire connecting the free end of the rear frame muscles to the anterior cuff passing through
a curved profile, located at a certain distance above the shoulder in the direction of the

joint centre, which is called a cam. As the muscle contracts, it exerts a tensile force that

51
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puts the wire under tension and allows the arm to be raised; then the wire under tension,
passing through the cam profile at a certain distance from the joint centre, is able to
exert a torque that reduces the effort required by the user. For the correct application
of torque, it is essential that the wire passes through a cam profile at the ideal centre of
rotation of the shoulder at a certain distance, in order to provide the appropriate torque.
In this chapter, the design of the trasmission system, based on a cam profile centered at
the should joint, will be outlined. In the next chapter, the whole exoskeleton architecture,

along with all its component, will be discussed.

4.1 The cam profile

The cam profile consists of a rigid shoulder pad that must be fixed to the exoskeleton
frame, while the wire runs along it, as the angle of elevation increases. It must then
be centered in the shoulder joint of the exoskeleton, which must correspond to the ideal
shoulder joint complex, to avoid misalignment between the axes of the exoskeleton and
those of the user’s body. Otherwise, it will cause pain and potential injury to the wearer,

as well as inaccurate results. This profile is designed with an increasing radius:

e To increase the PAM pulling force arm as the angle of elevation of the arm increases,
thus improving the compensation torque (M,,,), by balancing the reduction in PAM

tensile force;

e Extend as far as possible the range of angles of elevation at which the compensa-
tion takes place, so that the force provided by the artificial muscle tyre is better

distributed over this range;

e To ensure that the torque exerted by the PAM has a similar trend to the torque curve
due to gravity. The more the values of the two moments are similar, the greater the
action of the support; if the muscle moment curve is greater than the gravitational
moment, the user must push downwards to achieve equilibrium; conversely, the user

must push upwards.
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4.2 Project features

One end of the wire is connected to the cuff, it slides without slipping on the shoulder
pad always remaining tangent to it allowing the other end of the wire to be connected to
the PAM.

In the Figure 4.1 it is shown a simplified diagram of the shoulder pad at both angles of
elevation, 90 and 125 degrees:

e 0 is the elevation angle of the upper arm;

Cy is the distance between the bracelet and the shoulder joint (SJ);

r is the lever arm of the tension force F,,, with respect to the SJ;

b is the distance of the attachment point of the wire on the bracelet with respect to

the final point of the shoulder pad (7);

T is the tangency point of the wire on the shoulder pad.

bracelet

PAM

PAM

Figure 4.1: Semplified scheme of the shoulder pad, on the left with the upper arm at the
elevation angle of 90 degree, on the right instead, 135 degrees.

A graphical method was used to design the shoulder pad. The initial lever arm, r; , is
equal to the initial cam radius (Figure 4.1 on left). As the elevation angle increases, the
wire remains tangent to the cam profile (in Figure 4.1 right T is the point of tangency of
the wire to the shoulder pad).

However, the lever arm of the tension force no longer matched the cam radius if 6; is not

equal to 90 degree. For this reason, by considering that the wire must pass through the
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fixed end point of the profile (Z in Figure 4.1 right), the lever arm r and b, the distance
between the attachment point of the wire on the bracelet and the point Z on the shoulder
pad, must be determined graphically from the CAD design, by ensuring the tangency
condition of the wire on the profile, and from that the actual length of the PAM.

Bearing in mind that the shoulder pad must be designed to be fixed to the user’s shoulder,
a value greater than the acromion of 37 mm was chosen [62] as the value for the dimension
r;, where the acromion is the bone that forms the peak of the human shoulder complex.
Therefore, the initial radius of the shoulder pad at 6;=90° is greater then this value, and
was choosen to be equal to 45mm. The subsequent r; values for angles of 105, 120 and
135 degrees, were derived graphically by knowing the length of the strut and the height

of the cuff as shown in Figure 4.2.

Figure 4.2: Shoulder pad CAD model

Thus, from the graphical discrete results, a 3-degree-polynomial function was applied
to approximate the discrete profile of the shoulder pad, producing a continuous profile as
shown in the Figure 4.3. The four points show the point of contact of the wire with the
shoulder pad. The first on the right represent the camma radius of 45mm. In the Figure

4.4 it can be seen the increasing of the radius of the shoulder pad as the angle of elevation
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increases.
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Figure 4.3: Continuous camma profile from graphic method.
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Figure 4.4: Development of radius as a function of elevation angle.

Knowing the nominal resting length of the PAM muscle Ly, an initial contraction
can be imposed by pretensioning the muscle and the shortening of the muscle can be
calculated as the angle of arm elevation changes.

In this case two different nominal lengths of the muscle were tested and the best one was

chosen for this project:
1. 30mm FESTO DMSP 10-100N;

2. 35mm FESTO DMSP 10-100N, that is the maximum length to take into account

that allows it to be placed on the back of a user.

In the first case, an initial contraction of 0.5% was imposed, so the start lenght of the
muscle correspond to 0.29mm. Then the shortening was calculated with the following

formula:

Ly L

0

k - 100 (4.1)
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Where L represents the muscle length for the different angle values shown in the Figure

4.5.

0.295
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Figure 4.5: PAM shortening for increasing angle values for 30mm FESTO DMSP. The

muscle contracts by 1.7%, 6.3%, 11% and 17.4% respectively for theta values of 90, 105,

120 and 135 degrees.

The same procedure was carried out for the second length of the muscle. It is preten-

sionated with the same percentage of the contraction and in this case the initial length of

the muscle is 0.34mm.
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Figure 4.6: PAM shortening for increasing angle values for 35mm FESTO DMSP. The
muscle contracts by 1.7%, 5.7%, 9.7% and 15.1% respectively for theta values of 90, 105,
120 and 135 degrees.

In order to select the optimal muscle for the exoskeleton, the moment of force of the
PAM was calculated in relation to the gravitational torque of the joint.
For the shoulder moment, it is necessary to know the mass and the length of the segments
that make up the limb; the lever arm of the force and the angles that have to be performed
during the lifting of the arm. This information has been taken from David A. Winter-
Biomechanics and Motor Control of Human Movement-Wiley (2009). In the book, the

length of the limb segments is referred to the height and are:

Lyarm = 0.186 x height; (4.2)
L yorm = 0.146 * height; (4.3)
Lpang = 0.108 * height; (4.4)

The mass of the arm is the sum of the masses of the hand, forearm and upper arm:

Muarm = 0.028 x weight; (4.5)
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M farm = 0.016 * weight; (4.6)
Mhand = 0.006 * weight; (4.7)
Marm = Mhand T M farm + Muyarm (48)

Then the arms of the weight forces of the upper limb elements and the arm of the
resultant of the forces from their centre of mass to the centre of the shoulder joint (SJ in

Figure 4.1) were calculated, considering the elbow extended, thus the arm and forearm

aligned:
buarm = 0.436 * Luarm; (49)
bfm'm = 0.430 * Lfarm + Luarm; (410)
bhand = 0.506 * Lhand + Lfarm + Luarm; (411)

Myarm * buarm + mygarm - bfarm + Mhand * bhand
( ) (4.12)

btot -
Marm

The gravitational torque without load in the hand, considering only weigth force is:
Mshoulder = Marm " g btot ’ sm(@)7 (413)

Than, an external load in the hand of one, two and three kilos has been considered in the

calculation of the sholuder moment:

Marmipeq — Mhand + M farm + Muyarm + palead; (414)
uarm ° buarm arm ° b arm an, load) - b an.
arMioad
Mshoulderload = Marmypeq * 9 ° bload : SZTL(G): (416)

In order to describe the actual behaviour of PAMs, several mathematical models have
been developed to fit theoretical results to experimental ones and to work out the equation
of the force produced by PAMs.

One of the oldest models considered for an engineering approach to muscle is the modified
Hill’s muscle model|63], which consists of a viscoelastic model with a variable damper and
spring connected in parallel. Using this muscle model[64], several approximations of the

static properties have been developed, including equations relating the output force to the
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geometric parameters of the pneumatic muscle. For example, the dependence of muscle
force Fmu can be approximated with good accuracy using an exponential function with

six different unknown parameters ai, as, as, aq, as, ag, as follows:

Fo = (a1 +az-p) - ™"+ ay - k-p+as-p+ag (4.17)

Firstly, the coefficients of equation 4.17 were obtained by plotting in Matlab the force and
contraction values for the different pressure values obtained from the theoretical curves
given in the FESTO DMSP 10-100N manual. These values were interpolated through the
fittype function to obtain the value of the six coefficients.

In equation 4.17, k was substituted for the value of muscle shortening obtained in equation
4.1 for both the 30mm and 35mm long muscles, and the force torque generated by the
muscle was calculated by comparing it with the gravitational torque.

The equation for the PAM muscle tourque is as follows:

MPAM - qu . Tcammafit; (418)
30 T T
No-load 5 bar
= == 1 kg load 6 bar
2 kg load 7 bar
25 3 bar 8 bar

Torque (Nm)

0 L L L L L L L
90 95 100 105 110 115 120 125 130 135

61 (O)

Figure 4.7: Comparison between gravitational tourque and PAM tourque for muscle length

30mm.
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Figure 4.8: Comparison between gravitational tourque and PAM tourque for muscle length

35mm.

Table 4.1: Coefficients from theoretical curves of FESTO 10-100N 30mm length.

coeffcients | 95% confidence bounds
ay 0.01534 (0.005408,0.02526)
Qo 130.8 (123.3,138.2)
as -0.3972 (-0.4116, -0.3827)
ay, -0.02605 (-0.02669, -0.02541)
as 0.7911 (0.7775,0.8047)
ag -127.1 (-134.6, -119.6)

Comparing the two graphs, it can be seen that the gravitational torque curves for a

subject holding 1kg on the hand follow the trend of the torque curves of the 35mm long

PAM more closely when it is pressurised to 6.8 bar than 7 bar of 30mm long muscle.

In order to best illustrate which PAM has the smallest difference, the average percent-

age errors between the gravitational torque and the torque generated by the muscle have

been calculated for both, in order to see which follows the profile of the torque generated
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by the PAM more closely and can therefore provide greater support during overhead tasks.

Table 4.2: Average percentage errors between gravitational and muscle tourque

Okg 1kg | 2kg
PAM30mm | 22.27% | 8.4% | 19.3%
PAM35mm | 12% 3% 13%

The table 4.1 shows that the percentage errors for the 35mm muscle length are signif-

icantly lower than for the 30mm muscle length.

The minimum support torque over the entire flexion-extension range, expressed as a

percentage of the required torque, was also calculated.:

e For 30mm FESTO, for a hand load of 0Okg, 1kg and 2kg respectively, the torque
support percentages are 37.7%, 67.7% and 65%;

e For 35mm FESTO, the percentages of torque support are 67.5%, 82.1% and 84.3%

respectively.

In this way, it is possible to observe how the 35mm muscle offers greater support to the

user and therefore better reflects the characteristics sought for the purposes of this project.

Secondly, we moved on to isometric and isotonic characterisation of the muscles in the
laboratory, then experimentally calculating force and contraction values, interpolating

them and finding new coefficients that best approximate the data thus obtained.

4.3 PAM characterization

The static characterisation of these actuators aims to know the trend of the force devel-
oped by the actuator for different values of the working fluid pressure and for different
fractions of the stroke realised, in order to calculate the experimental coefficients to see
any difference with the theoretical performance.

Isotonic characterisation tests can be carried out, thus at a constant load, using, for
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example, calibrated weights, leaving one of the end caps free and suspending the actua-
tor from the other; or isometric tests can be carried out, constraining both end caps and

measuring the actuating force with a force transducer for different values of fluid pressure.

4.3.1 Isometric characterisation

Isometric testing was carried out on 300mm long FESTO DMSP 10-100N muscle.

The first step was to prepare the test bench on which the above tests were carried out.
This consisted of a load cell, model Dacell series UMM-K100, calibrated and connected to
the test bench at the top, to which one end of the muscle was attached, which in turn was
connected to a pneumatic bench as a constant pressure source via a small tube running
the distance between the pressure source and the muscle. To check the exact value of the
pressure and avoid leakage, the pressure gauge was placed close to the muscle, at the same
height as the pressure inlet. The other end of the muscle was fixed to a moving crosshead,
clamping it at a certain height by pressurising the locking cylinders, to respect the nominal
length of the muscle. To check that the length of the muscle remained constant, the metre
has been used as a measuring instrument. Figure 4.9 shows how the components of the

test bench are positioned for testing.
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Figure 4.9: Test bench: configuration of isometric test.

The isometric tests were performed by pressurising the muscle with a supply pressure
of 0 to 8 bar at 1 bar intervals, representing the working pressure range, while keeping
the length of the muscle constant. An upward cycle of increasing pressure values was
performed first, followed by a downward cycle of decreasing pressure values to test hys-
teresis.

This test was carried out on different lengths of muscle, corresponding to the length
reached by the muscle each time it was subjected to different levels of pressure, without
any load and with only the upper end fixed.

In this way, the load cell can measure the force generated by the muscle as a function of

pressure for different values of muscle length.
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Figure 4.10 shows the force characteristics for the 300-mm-long muscle. It can be seen that
the maximum contraction of the muscle is 22% of its nominal length than the maximum

allowable contraction of 25%.

Force-pressure

700 1
kO
k1=3.7%
600 | k2 =4.3%
k3=9.7%
kd = 14.7%
500 | k5= 18.2%
k6= 20.5%
K7 = 22%
3 400 |
@D
e
L=
L 300+
200 |
100 f
0
0

Pressure(bar)

Figure 4.10: Force evolution as a function of pressure for different contraction values.

4.3.2 Isotonic characteristic

For the constant load test, calibrated weights of 0, 5, 10, 20, 30, 40, 50 and 60 kg are
suspended to one of the headers while the other is fixed to the frame. In this way, by
applying different values of supply pressure, it is possible to determine the stroke variation
of the free header by measuring their displacement. Figure 4.11 shows several curves of the
actuator contraction as a function of the supply pressure; these curves are parametrized
with respect to the external load, which was controlled, so that the force generated is

known.
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Isteresis loop of Isotonic Force of PAM

) '

Pressure(bar)

—=—4,9kg
10 kg
14,9kg
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—=— 30kg

—&— 40kg

—&— B0kg
60kg

10 25
Contraction %

Figure 4.11: Trend of the pressure as a function of the contraction for different force

values with an obvious hysteresis for a low load.

Based on equation 4.17, a graph of the values of the force generated by the muscle as
a function of the percentage of contraction for the allowed pressure values was obtained,
knowing the force and pressure, and replacing k£ with the experimental shortening values.
The experimental values were then interpolated using fittype Matlab function to obtain

the six coefficients of the equation that best approximated the force evolution.
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Comparison of experimental data and interpolated model
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Figure 4.12: Trend of force as a function of contraction for different pressure values.

In the figure 4.12 the asterisks represent experimental data while continuous lines
rapresent the approximation of experimental data by mathematical formula. It can be
seen how well the found model approximates the experimental data.

In the table 4.3, there are reported the value of the six coefficients and their range of

belonged, which rapresents the 95% of confidence bounds.
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Table 4.3: Coeflicients from eq. (4.17) for Festo DMSP-10-100N static characteristics

coeffcients | 95% confidence bounds
ay 0.01521 (-6.272e+13, 6.272e+13)
as 163 (140.3, 185.7)
as -0.34 (-0.371, -0.3089)
ay -0.02522 (-0.02745, -0.02298)
as 0.7438 (-6.272e+13, 6.272e+13)
ag -141.5 (-164.3, -118.7)

Using the coefficients just found, the torque generated by the muscles was calculated

and compared with the gravitational torque.

3[} T T T T T T T T
MNo-load 5 bar
= = =1 kg load 6 bar
———=:32 kg load 7 bar
25 I 3 bar 8 bar =

]
o

Torque (Nm)
o

10

D 1 1 Il 1 Il 1 |
90 95 100 105 110 115 120 125 130 135

0, (°)

Figure 4.13: Comparison between gravitational tourque and PAM tourque experimentally

obtained for muscle length 30mm.
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The figure 4.13 shows that the gravitational torque generated by holding a 1 kg weight
has a tendency more similar to the curve of the muscle pressurised at 8 bar, and that with
a 2 kg weight, on the other hand, no torque of the muscle can follow the tendency of the
gravitational torque. In this case, the experimental approximation of the force results in

poorer support for the gravitational torque.

4.3.3 FESTO DMSP-10 -100N of 350 mm

The same procedure was performed to characterize the muscle of length equal to 350mm.
Here below it is possible to see the curve of isotonic characterization of the muscle and

the comparison between sperimental datas and fitting model.

Iseresisloop of isotonic force of PAM

Pressure(bar)

—=— 0 kg
10 kg
14,9Kg
20kg
—=— 30kg
—=— 40kg
—&— 50kg
60kg

10 15 20 25 30
Contraction %

Figure 4.14: Isotonic characteristic of the muscle.

In the Figure 4.14, there is a small overshoot of the guaranteed contraction for the

value of the fluid pressure above 6 bar, for the load of zero kg.
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Force PAM (N)

Figure 4.15: Trend of force as a function of contraction for different pressure values.
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Table 4.4: Coefficients from eq. (4.17) for Festo DMSP-10-100N of length 350mm static

characteristics

coeffcients | textbf95% confidence bounds
ay 0.01733 (-2.254e+14, 2.254e+14)
as 144 (128.7, 159.3)
as -0.3133 (-0.3343, -0.2922)
as | -0.02379 (-0.02518, -0.02241)
as 0.7336 (-2.254e+14, 2.254e+14)
ag -90.41 (-106.4, -74.45)

As before, the coefficients obtained were used to produce the trend of the force torque

generated by the 350 mm long muscle and to compare it with the gravitational torque.
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Figure 4.16: Trend of force as a function of contraction for different pressure values.

The Figure 4.16 shows that the muscle torque curves follow the gravitational torque

very well in all three cases:

e With no load, it can be seen for angles greater than 105 degrees, the muscles exerts

a torque that completely compensates for the user’s muscular work;

e With a weight of 1 kg, the two curves are very close, the difference is very small, so

that the PAM muscles also compensate for the gravitational torque in this case;

e For a weight of 2 kg, it is difficult in all cases to completely compensate for the
subject’s muscular action, but this is the best case presented so far, as for angles

greater than 125 degrees the two curves are very close and there is compensation.

For the muscle torque, the pressures were chosen whose curves’ trends were closest to
those of the gravitational torques. Initially, all the curves corresponding to the pressure

values ranging from 3 to 8 bar were plotted at a step of 0.5, in order to accurately choose
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those with the most similar trend to the gravitational torques, which turned out to be 4.5
bar, 6.5 bar and 8 bar respectively.

Expressing the support torque as a percentage of the required torque, it has 69.1%, 82.4%
and 89.8%respectivly, wich are higher than the support given by teoretical coefficients.
The FESTO 10-100N, 35mm long, was chosen for this project because it has shown the

best characteristics so far, giving the user the greatest and best contribution and support.



Chapter 5

Exo design

The exoskeleton aims to help all workers who spend hours a day working above their
heads, which can cause serious health problems in the long term.

For this project, the exoskeleton has been designed to be worn by a user of medium
height and to be connected to the PORTWEST 2 POINT-COMFORT HARNESS, which
is characterised by the presence of three D-rings, one on the back and two at the side
of the hips, where it is attached to the exoskeleton by means of Velcro. It is equipped
with a breathable molded back, easy-to-adjust buckles for excellent fit and comfort, and
polyester straps for maximum durability.

The exoskeleton consists of two main parts, the back frame and the arm. The frame has
the function of unloading the forces generated by the muscles that allow the arm to be
elevated on the hips. Both the width of the shoulders and the length of the back can
be adjusted for a user who is between 1.70 and 1.80 metres tall, to be as comfortable as
possible and to fit the user’s body as best as possible, using two square bars that slide
into a square tube at shoulder height and two telescopic bars that slide down the back.
The length of the back is between 48.96 and 51.84 centimetres, while the width of the
shoulders ranges from 44.03 to 46.62 centimetres. The exo arm must allow the two degrees
of freedom described in the previous chapter, namely flexion of the arm in the sagittal
plane between 90 and 135 degrees and abduction-adduction in the transverse plane of 30
degrees, which is possible thanks to the presence of two joints.

CAD design was performed in Solidworks 2022. In this chapter, we will examine in detail

all the components of the exoskeleton.

73
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(a) (b)

Figure 5.1: PORTWEST 2 POINT-COMFORT HARNESS a)Frontal view b)Back view
https://www.safety-harness.com/all-harnesses/

portwest-2-point-comfort-harness--pack-of-5-/fpldrer


https://www.safety-harness.com/all-harnesses/portwest-2-point-comfort-harness--pack-of-5-/fp14rer
https://www.safety-harness.com/all-harnesses/portwest-2-point-comfort-harness--pack-of-5-/fp14rer

CHAPTER 5. EXO DESIGN

An overview of the exoskeleton is shown in the figure 5.2.

7

Figure 5.2: The exoskeleton composed of arm and back frame.
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5.1 Exoskeleton arm

In detail, the arm is made up of a series of parts connected by hinges, pins and screws

that allow movement. In the figure 5.3 it can see a frontal view of the exoskeleton arm.

Figure 5.3: A frontal view of exoxskeleton arm.

In the sagittal plane, from front to back, the arm consists of a rigid strut that runs
along the outside of the arm, from the elbow (excluded) to the user’s shoulder, where the
median lateral axis of the center of the GH joint passes. The strut must necessarily be
rigid given the amount of horizontal forces developed by the wire, otherwise the bracelet
would end up flowing along the arm.

The bracelet has the shape of a C and is placed at the beginning of the strut, to which
it is attached through two M4 countersunk screws that allow its position to be adjusted
than the six holes on the strut. The bracelet is designed to wrap around the user’s arm
and is tightened with Velcro, in fact, it has openings to allow the passage. The inside of
the bracelet is later covered with a sponge to ensure maximum comfort while the bracelet
is made of PLA and the strut is made of alluminium. In the upper part of the bracelet,

there is a space that allows the passage and hooking of the wire that connects the end of
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the muscle that is in the back frame, to the bracelet, as described in Chapter 4.

Figure 5.4: Rigid strut trut that runs along the outside of the arm, from the elbow

(excluded) to the user’s shoulder.

Figure 5.5: The C bracelet placed at the beginning of the strut through two M4 counter-

sunk screws.
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Figure 5.6: Interior view of strut and bracelet.

The end of the strut is not rectangular but circular with a hole in the centre and inside
this hole a bushing is inserted to allow the rotation of the strut around the lateral medial
axis, which must correspond to the same axis as the GH shoulder joint.

The end of the strut is located between two rounded L-shaped plates held together by five
M4 screws, three passing through a PLA filling and two passing through an aluminium
filling.

As Figure 5.5 shows, the PLA fill surrounds the end of the strut and defines the range of
movement of the arm elevation, 45 degrees upwards and 30 degrees downwards in relation
to the horizontal axis. The first degree of freedom is therefore given by the hinge formed

by the M5 hole and the bushing, which allow the arm elevation.
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Figure 5.7: PLA filling that defines the arm range of movement at the end of the struct.

Figure 5.8: Exploded view of the joint that represents the first degree of freedom.
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Figure 5.9: Rounded L-shaped plates with the hing that allows the first arm degree of

freedom.

The aluminium filler, on the other hand, has a rectangular shape and is positioned
to coincide with the upper part of the L-shaped plates. On the upper surface it has an
M10 hole that houses a pin that connects the part just described with the second joint,
which allows the arm to be abducted and adducted in the transverse plane, to which the
cam is also attached. Both the pin and the hole are threaded, which makes it possible to
adjust the length of the pin and consequently the distance from the cam to the subject’s
shoulder, since if the pin is screwed all the way into the hole, the minimum distance
between the shoulder and the cam is 8 mm because the distance between the acromion
and the joint centre for an average-sized man is 37mm and that of the cam is 45mm; this,

however, can be adjusted depending on the subject.
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(a) (b)

Figure 5.10: Alluminium filler a) frontal view b) with the M10 pin.

In the figure 5.11 it can see how the second joint is designed:

e The pin is attached to two plates (1)(2) placed at a certain distance by another
PLA (3) filler;

e The PLA filler has a space where a bushing (4) is inserted to allow a steel rod (5)
to rotate 30 degrees around the longitudinal axis passing through the bushing. A
fundamental requirement is that the longitudinal axis crosses the lateral mid-axis
around which the first joint rotates in the subject’s shoulder joint centre, in this
way the movements permitted by the exoskeleton arm are carried out in a natural

manner and avoid the risk of injury or pain.
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Figure 5.11: Description of the second joint

Longitudinal axis

-

Figure 5.12: Mechanism that allows the two degrees of fredom.

The cam is connected to the lower plate via two through bolts. The cam is designed
so that the wire follows its profile and remains tangential, with the presence of two sheath
stops, one at the entrance of the wire and one at the exit. The cam is integral with the joint

and moves with it during arm movements, so that the wire is always taut and follows the
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same trajectory at all times. It is also important that the cam does not touch the user’s
shoulder but that the distance between the two bodies is always maintained otherwise
the forces would risk to discharge on the user’s shoulder and therefore the function of the

frame would be null.

(a) (b)
Figure 5.13: a) Back view and b)frontal view of the cam.
The steel bar is attached to the rear frame by means of an angle joint, to which the

frame’s square bar is also attached, which slides into the square tube at shoulder height

and allows the width of the shoulders to be adjusted.

Figure 5.14: Angolar joint that connects the arm to the back frame .
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The arm of the exoskeleton has a weight of 1.2kg, considering both arms, it has a total

weight of 2.4kg for the user’s arms.

5.2 The back frame

The rear frame has two adjustment mechanisms: the first allows the user to adjust the
shoulder width, the second the distance between the shoulders and the hips.

The first mechanism consists of two square bars that slide inside a square tube and are
locked in position by two pin in one of the three holes in the square tube, as shown in the

figure 5.15 and 5.16.

Q00 Q00 000 Q00

Figure 5.15: Square tubo with square bars, top view

Figure 5.16: Square tubo with square bars, frotal view

In the previous figure, the square tube is transparent to show the square bars that can
adjust the shoulder opening for a medium-sized subject. According to[62], for a subject
between 170 and 180 cm tall, shoulder width is between 44 and 47cm, which is why there

are three holes so that by locking them in one of the three positions it is possible to cover
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this range. At the visible ends of the square rods, the angle joint is attached to allow

connection to the exoskeleton arm.

Figure 5.17: Connection between the back frame and the arm of exo.
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In figure 5.18 it can see how the exoskeleton frame is composed:

4 - C-plate

1 -Square tube 12 - Attachment with
l angular joint

2 - Rectangular tube
-

11 - PLA filling

7 - Spherical join 5 - Superior

rectangular bar

6 - Telescopic tubes

10 - Small eylinder

8 - Inferior rectangular bar

9 - Pulleys support

Figure 5.18: Components of the exoskeleton back frame.

1. The square tube (1) is connected to another rectangular bar (5) through four rect-

angular tubes (2) that enclose the tube and the bar;
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2. The two muscles (3) are connected to the rectangular bar by a C-plate (4) and the
two telescopic rods (6) through two spherical joints (7). The latter are connected to
telescopic tubes via a threaded terminal inside the corresponding end of the rods.
It is possible to regulate the length of the tubes and blocking the position using a

self-locking pin in one of the holes on the tubes;

3. At the bottom the telescopic tubes and muscles are connected to another rectangular
bar (8), to which two supports for the return pulleys (9) are connected in the central
part of the bar, so that the wire attached to the free end of the muscle through a
small cylinder (10) with a hole, passes through the pulley and connects to the arm
through the cam profile;

4. For conveniencee, the supports for the pulleys are placed at this distance to ensure
that the wire attached to the free end of the muscles falls perpendicular to contact
with the pulley. In addition, two positions of the pulleys are possible to adjust the
position in combination with the adjustment of the telescopic rods for different users

to adjust wire length so that it is always taut;

5. In this model of the frame, the muscles are positioned internally and the telescopic
rods externally; to make this possible the muscles do not have to lie on the same
plane of the rods but must be positioned out of phase, in the direction of the pulleys,
that is why the C-plate to which the muscles are attached protrudes in the back of
the frame, thus making the wire, to connect to the front of the exoskeleton, does

not intersect the telescopic rods but has the free path;

6. The rectangular bar is placed above the chest height so that it is anchored to the
upper D-ring of the sling and provides the first attachment point between the ex-
oskeleton and the sling. Anchorage between the exoskeleton and the sling is provided
by the use of Velcro straps that are designed to be attached to the upper horizontal
bar on the pins that hold the muscle support. The fact that the rectangular bar is
not exactly at the height of the ring and therefore of the chest, does not cause a

problem thanks to the use of velcro;

7. The exoskeleton in the lower part is hooked to the side rings of the harness at the

level of the hips always via Velcro passing through special slits that are located on
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the lower rectangular bar, but it could also be connected in the same way as the

top ring, considering the pins holding the support for the pulley;

8. The rectangular tubes are not empty, but inside was inserted the PLA (11) that acts
as a spacer between the two parts, and to give greater support to the top square

tube without weighing the structure too heavy;

9. The spherical joints were chosen for their mechanical resistance, and because they
allow a greater range of motion, making the exoskeleton more comfortable to use.
For the same reason, the bars are positioned at a slight angle to the longitudinal

axis.

The back frame now weighs 1.9 kg.

Figure 5.19: Connection between the square tube and the rectangular bar and the C plate

for supporting PAMs.
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Figure 5.20: Spherical joint attached to the orizzontal rectangular bar.

Figure 5.21: Threaded terminal inside telescopic rods.

89
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Figure 5.22: C-shaped plate where PAM are fixed.

Figure 5.23: Self-locking pin to block the position of telescopic rods.
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Figure 5.24: U-shaped supports fixed to the inferior rectangular bar where pulleys are

attached, with two slots for velcro.

Later it was reconsidered the way in which the square tube is connected to the upper
rectangular bar as it was realised that the configuration with the outer rectangular tube
containing tube, bar and pla filler inside was not sufficient to not ensure residual play
between the three parts, and thus the stability of the upper part of the exoskeleton. By
replacing two rectangular tubes and the PLA fillings with a single larger rectangular tube,
as shown in Figure 5.24, the tubes provide a certain distance and stability between the

square bar and the tube. In doing so, the weight of the rear frame becomes 1.7 kg.
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Figure 5.25: Completed new version of exo with one arm.
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Table 5.1: Components with square or rectangular section.

Components Section(mm) | Length(mm) | Thikness(mm) Material
Square tube(1) 12x12 390 1.5 Al6082 T6
Square bar(11) 10x10 200 Al6082 T6

Superior rectangular bar(5) 15x18 350 Al6082 T6
Rectangular tube(2) 63x118 15 3 Al6082 T6
Inferior rectangular bar(8) 15x25 170 Al6082 T6
C-plate(4) 18x36 45 5 Al6082 T6
U-plate(9) 13x68 35 7 Al6082 T6
Strut 12x25 320 Al6082 T6

Steel rod (5) 12x10 150 AHSS alloy steel
Alluminium filling 30x18 30 Al6082 T6
plates (1)(2) 30x98 30 5 Al6082 T6

L-shaped plates 84.15x50 2 ATSI304
PLA filling 15x30 98 PLA

The strut and the L-shaped plates are made by Bicchi companies [65]. The others
components of the exoxkeleton have been realised by us from aluminium profiles. During

the realisation of the prototype, some component dimensions varied slightly for ease of

construction.
Table 5.2: Components with circular section.

Components Inside radius(mm) | Thikness(mm) | Length(mm) | Material
Smaller telescopic tube(6) 23 3 270 Al6082 T6
Bigger telescopic tube(6) 26 3 270 Al6082 T6

Small Cylinder(10) 8 7 25 Al6082 T6

PLA filling 12.5 12.5 16 PLA
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Table 5.3: Information about commercial components.
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Commercial components

Productor

Model

Sherical joint

IGUS otion plastics

Igubal®) rod ends - AGLMO0S

Angolar joint RK ROSE + KRIEGER KPVYV - Block form
Self-locking pin ELESA GN 113.3
Threaded terminal ELESA NDL.T
Pulley MISUMI MBRF20-1.5-H6.35




Chapter 6

Simulations and discussion

Finite Element Analysis (FEA) was used to carry out static structural analyses to study
the stresses in the CAD model and thus verify the static failure of components. Solid-
works software was again used for this purpose. As well as being an excellent programme

for CAD modelling, it also allows FEM analyses to be carried out and the results analysed.

The model was simulated assuming that the subject was in the worst condition for
one arm namely holding a 2 kg weight with one hand, with the arm at 90 degrees and the
elbow extended, pressurising the muscle at maximum pressure (8 bar) to develop max-
imum strength; instead, the other arm, always at 90 degrees with the elbow extended,
but not supporting any weight, was pressurised to 4.4 bar that allows the PAM to lift
it. The simulations were carried out separately for back frame and arm. It’s important

to define the right constraints, loads and connections in order to get the most likely result.

Assuming that the frame is attached to the harness, three constraints are imposed,
one for each attachment in order to best simulate the situation where a person is wear-
ing the harness and therefore the exoskeleton, while avoiding stiffening the structure too
much. For the dorsal ring, mid-lateral and antero-posterior movements are restricted,
while cranio-caudal movement is permitted. For the two hip rings, cranio-caudal and

antero-posterior movements are restricted and medio-lateral movement is permitted.

A diagram of the forces applied on the back frame can be seen in the figure 6.1.
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Angle that the wire forms
' on the frontal plane
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Figure 6.1: Diagram of the forces applied on the back frame reported on the rigth side.

The loads applyed are the following:

1. On the surface of plate C to which the muscles are attached, two downward forces
are applied, one of 543 N corresponding to the arm lifting the load of 2kg, while 317

N for the unloaded arm, these values correspond to an arm position of 90 degrees,
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which represents the worst case;

2. The resultant forces applied on the pulleys are two and are due to the two directions
the wire has when entering and leaving the pulley. The wire enters the pulley in a
vertical direction so the force only has a component along y, while the force of the
wire exiting the pulley has three components, a vertical one that is added to the
previous vertical force, the component in the z direction depends on the inclination
of the wire in the frontal plane when it exits the pulley and heads towards the cam,
and the last component along x depends on the inclination of the wire in the lateral
plane. For the load arm the components are Fx = 212N, Fy = 1043 and Fz = 52N,
while for the load arm they are Fx = 124N, Fy = 609 and Fz = 30;

3. There are reaction forces on the bars that connect the frame to the arm, because
the simulations were carried out separately for the bracelet and the frame. These
reactions derive from the balance of forces applied on the arm and compensate for
the force exerted by the thread entering the lower part of the cam. The components
are always three because the wire is inclined on two planes and, considering the
angles of inclination, the components for the arm under load are Fx = 212N, Fy =
497N and Fz = 52N, while for the left arm are: Fx = 123N, FY = 290N and Fz =
30N.
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Figure 6.2: Exoskeleton back frame with loads and costrains applyed.
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Constraints are also applied for the arm: the rotation around its own axis has been
costrained in the point of attachment of the steel rod to the frame and the M10 pin; the
vertical movement is also constrained to the point of attachment of the wire to the cuff
and the mid-lateral movement of the inner surface of the cuff is constrained to simulate

the presence of the arm.

A diagram of the forces applied on the exo arm are shown in the figure 6.3.

Reaction forces

Angle that the wire forms on Y

the lateral plane | .
X

Figure 6.3: Diagram of the forces applied on the exo arm.

For the arm, on the other hand, the forces applyed are shown in the Figure 6.3: the
forces applied are due to the tension exerted by the wire on the cam and cuff, allowing the
arm to be lifted. The forces exerted on the lower part of the cam are equal and opposite
to the reactions forces on the frame bars; the components on the upper part of the cam
depend on the inclination with which the wire is directed on the cuff and are equal and
opposite to the tensions of the wire on the cuff, Fy = 32N and Fx = 542N. There is
also a vertical force directed downwards on the cuff, which indicates the presence of the

arm and it is equal to 95N considering a weight of 2kg in the hand. Finally, the force ex-



CHAPTER 6. SIMULATIONS AND DISCUSSION 100

erted by the Velcro fastener to close the cuff is also taken into account and is equal to 40N.

Figure 6.4: Exoskeleton arm with loads and costrains applyed.

6.1 Results

After assigning the materials, applying the loads and constraining the model, the static
finite element analysis was started creating the tetrahedral curvature-based mesh of the
model, with minimum dimension of the element for the back frame equal to 1.13 mm
and maximum 5.6 mm; for the arm the minimum size is 4.24 mm and maximum size is
21.2mm, by applying a control mesh with element dimension 1.4 mm, and the following

results were obtained:

e As far as the arm is concerned, the maximum stress is found at the hinge that
allows the abduction and the adduction of the arm in the transverse plane; in this
joint the maximum Von Mises stress is equal to 578 MPa and occurs on the washer

interposed between the steel bar and the upper plate;



CHAPTER 6. SIMULATIONS AND DISCUSSION 101

von Mises (N/mm#2 (MPaj))

o Max: [ 5,782e+02
5,782e+02

_ 5,204e+02

_ 4626e+02
_ 4,048e+02
_ 3469e+02
| 2,891e+02
L 2,313e+02
_ 17350402
1,156e+02

5,782e+01

6,455e-10

Figure 6.5: Von Mises stresses distribution on the washer.

e A stress of about 480 MPa is on the lower part of the steel rod always corresponding
to the joint, which if it consider a steel with a high yield strength as the AHSS alloy
steel, with added niobium, titanium, vanadium and zirconium to refine the grains,
making the material stronger. They have high yield strength (up to 550 MPa) and
at the same time high ductility.
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Figure 6.6: Von Mises stresses distribution on the steel rod.

e In addition, there is a maximum displacement in the negative direction of about 2
mm corresponding to the lower part of the cam, predictable result due to the force

with which the wire pulls during the contraction of the muscles.
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Figure 6.7: Visualizzation of maximum and minimum displacement of the exo arm.

In the frame, the maximum forces are on the washers of the M4 bolts that connect the
square tube to the upper rectangular bar. Because the bolts are preloaded, the maximum
stress is right there, and by using washers you can reduce the direct stress on the alu-
minium tube and dissipate it on the steel washer, which is much more durable. The same
happens for the washers placed on the support that sustains the muscles. The highest
stresses are found in these points, for the rest on the chassis do not act excessive forces,

and in no component the stress exceeds the point of yield.
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Figure 6.8: Maximum frame tension at washers M4.
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Figure 6.9: Zoom of the previous picture on the critical region.
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Figure 6.10: Maximum force at the washers M5



CHAPTER 6. SIMULATIONS AND DISCUSSION 106

As for the displacement, it is maximum in the negative direction of the y-axis, at
the end of the square rod that runs inside the square tube, where the angle joint that
connects to the arm frame is connected. This is a predictable result, since it is the part
that connects to the arm that carries the thread that transmits the force exerted by the
muscles, and is therefore subject to a maximum force of 500N. The displacement is 1 mm,
an acceptable value in any case. In total, the lowering of the rod plus the lowering of the

cam gives 3 mm, which is acceptable to avoid contact between the cam and the shoulder.

UY {mm)

2,761e-01

l 1,422e-01

Min:[-1,063e+00 ¢

Figure 6.11: Maximum negative displacement on the extremity of the square rod.
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Figure 6.12: Total view of back frame displacement.

If the lower part of the cam is shifted downwards by 2 mm, this means that the dis-
tance from the point where the wire exits the cam and reaches the pulley is reduced and
therefore the muscles will have to contract 2 mm more than they already do at different
pressure levels to keep the wire taut. To this must be added the downward displacement
of the steel bar of about 1 mm and thus take into account an additional muscle contrac-
tion of 3 mm. For this reason, the moment of the muscle pair was calculated taking into

account a shortening of the muscle by 1 to 5 mm more than the initial contraction value.
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Figure 6.13: Comparison with muscolar torque considering the dadditional shortening.

As can be seen in Figure 6.13 the gravitational moment is highlighted in red with a
weight of 2 kg, which the pair of muscles must follow, while the blue curve represents the
muscular moment when the muscles are pressurised to 8 bar as a function of the additional
shortening, from 1 to 5 mm. It can be seen that up to about 2 mm, the torque exerted
by the muscles is still able to balance the gravitational torque by providing the user with
support equal to the percentage values calculated in Chapter 4, since the moment at 2
mm is equal to the initial moment; beyond 2.5 mm, the value of this percentage begins
to decrease because the moment provided begins to deviate more from the gravitational

torque, but still remains greater than 50%.



Chapter 7

Conclusions and future development

Solutions to perform difficult, long and repetitive tasks while maintaining quality and
precision are needed in industrial applications. However, many tasks still require the ex-
perience, cognitive skills, dexterity and flexibility of humans, even though programmed
robotic systems are a valuable response. For this reason, several wearable exoskeleton
systems have been developed to support human tasks in industrial environments. They
are designed to support and relieve human muscles from heavy loads, or simply to support
human limbs and reduce muscular activity when moving, while maintaining the quality
of working.

This is the example of the passive upper limb exoskeleton design proposed in this paper,
which is intended to provide a torque at the shoulder joint to (at least partially) coun-
terbalance the torque due to gravity of the upper limb, thus reducing the effort required
of the shoulder complex muscles when performing overhead tasks. The output torque is
generated by a McKibben pneumatic artificial muscle which, when pressurised, exerts a
traction force by contraction according to the position of the arm, acting as a passive
device.

The artificial pneumatic muscle chosen was the 35 cm long FESTO DMSP muscle, as
it is the muscle that develops the force-moment profile closest to that developed by the
gravitational torque. To confirm this, the muscle was characterised through isometric and
isotonic tests, the experimental coefficients that best approximated the curve were found
and the result was positive, as the two moment profiles follow a very similar profile.
Once the basic requirements of the exoskeleton were established, the CAD model was de-

signed and static finite element analysis was carried out to estimate the von Mises stresses
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and maximum displacements that occur in the model when the torque due to the arm’s
gravity is at its maximum, in order to obtain the best combination of materials to prevent
static failure and to obtain the lightest possible structure.

From the results obtained, the maximum stresses developed do not exceed the yield stress
of the chosen materials, so it has to pay attention to the steel you choose to make the
rod of the joint of the arm of the exoskeleton, which must have a high yield value, An
alloy steel, for example, would be fine. As far as displacement is concerned, there is a
maximum overall negative displacement in the y-direction of about three millimetres, a
predictable and entirely acceptable result both to ensure that the cam does not touch the
user’s shoulder and to ensure that the moment generated by the muscles provides support

and compensates for the gravitational torque at least 50%.

However, it is possible to make some improvements to the design of the exoskeleton,

which may be the subject of future developments:

e Add an additional degree of freedom that allows the abduction adduction on the

frontal plane;
e Design a mechanism that considers the displacement of the shoulder joint center;

e Make the adjustment of the exoskeleton faster and more autonomous because the
way the exoskeleton is designed now requires the presence of a second person to help

the user adjust the exoskeleton.
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