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Abstract

The recently growing interest in health at work aims at prolonging employees’
working lives, by reducing the risks associated to work-related musculoskele-
tal disorders. The current devices used in industrial environment to reduce the
biomechanical overloads are rigid wearable robots (or exoskeletons), which in-
cludes passive and active systems. The rigid exoskeletons have a kinematic struc-
ture similar to the human kinematic structure and use rigid links to transfer forces
from the exoskeleton to the worker. In particular, the rigid wearable robots use
preloaded springers or electric motors to generate the forces. However, the mo-
tion of the rigid exoskeleton is perceived as non—natural for the users since there
are joint alignment problems between the human joint axes and the exoskeleton
joint axes when the user performs a task. To avoid the problem, soft exoskele-
tons have been introduced in the literature. They do not use rigid structure to
transfer the forces but they are related directly to human anatomy using a soft
suit. Moreover, the soft wearable robots are mainly for rehabilitation applications
and for supporting the daily living tasks. The recent design and developments
of new solutions of wearable robots, which include actuators able to generate
even higher forces, could allow to implement this technology in industrial envi-
ronments where higher forces are required. In the present thesis, the design of
two wearable robots for industrial overhead tasks are presented. To do that, a
biomechanical analysis, which includes the assessment of the joint angles, joint
torques and muscle activations, of the industrial overhead tasks performed at two
working heights is carried out in laboratory setting. The results show that for
a specific working configuration the torques and muscle activations of the back
decrease and the worker’s effort are concentrated in a specific limb, i.e. upper
limb. Ultimately, the analysis conducted allows to define this specific configura-
tion combined with a wearable robot for supporting the upper—limb movements
as the best solution for the workers to reduce the biomechanical overloads. Then,
the functional requirements of the soft wearable robot are defined using the results
of the biomechanical analysis and a two degrees—of-freedom model of the upper
limb. Based on the functional requirements, two concepts, which includes the
soft suits, are presented: (i) tendon—driven wearable robot, an under—actuated
system which use a single electric motor combined with a gear system to sup-
port the shoulder and elbow flexion: (ii) pneumatic wearable robot, it uses four
McKibben artificial muscles to support the joint movements; two McKibben to
support the shoulder flexion and two McKibben to support the elbow flexion. A
detailed design is carried out in order to define the dimensional and geometric
characteristics of the actuation and power transmission systems of the proposed
two wearable robots. Finally, a comparison between the two wearable robots for
industrial overhead tasks is proposed using multi—criteria decision making.
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Introduction

The thesis presents the design of two soft wearable robots based on the biome-
chanical analysis of the industrial overhead tasks. The design includes the soft
suit and power system of the two proposed exoskeletons: (i) tendon—driven wear-
able robot; (ii) pneumatic wearable robot.

Problem The overhead tasks are very common in assembly lines of automotive
and aerospace industries and in daily tasks for construction workers. In industrial
settings, they are complex and usually involve the production of multiple variants
of the same product; being difficult to automate, overhead tasks are mostly per-
formed by workers. In these scenarios, the manipulation abilities and cognitive
skills of the worker are essential to successfully complete the task. The industrial
overhead tasks have been defined as the most demanding industrial tasks for the
workers and they are one of the main causes of the onset of work-related mus-
culoskeletal disorders (WMSD). As a matter of fact, in Europe, the registered
occupational diseases affect almost 50% of industrial workers (70-80 million) *.
The 45% of the WMSD cases afflict the upper limbs, the 38% afflict the back, and
17% afflict lower limbs. In the USA, the U.S. Bureau of Labor Statistics ? reports
around 650,000 work-related WMSD, resulting in costs to employers of over 20
billion dollars (including worker compensation and medical expenses). Frequent
repetition of the same task, excessive forces induced on the joints, and awkward
postures are cited as the most important ergonomic risk factors; indeed, they are
listed as a major causes of WMSD in industrial workplace [22].

Background In industry, the recent technologies used to reduce the risk asso-
ciated to WMDS are: (i) wearable sensors to monitor worker activities in order
to reduce the WMSD related to incorrect posture; (i) wearable robots (or ex-
oskeletons) to support the worker movements during the execution the industrial
tasks in order to reduce the WMSD related to biomechanical overloads. In the
last decade, wearable robots for upper limbs have been implemented in industrial
practice to reduce the biomechanical overloading and fatigue of the worker dur-
ing daily work. The most adopted technologies in industry are rigid exoskeletons,
which include passive and active systems [23].

'https://osha.europa.eu/
’https://www.bls.gov/



Introduction

Limits of the existing solutions The rigid exoskeletons are usually designed
schematizing the shoulder as a 3 degrees of freedom (DOF) spherical joint, re-
producing the behaviour of glenohumeral joint and neglecting the others artic-
ulations, i.e. scapulothoracic, sternoclavicular and acromioclavicular joints [24].
In the same way, the elbow joint is usually modeled as fixed joint; however, the
natural elbow axis is not fixed but moves along the surface of a double conic frus-
tum [25]. These hypotheses cause joint alignment problems [26]: it is recognized
that the motion of rigid exoskeletons is perceived as non—natural for humans.
Furthermore, rigid exoskeletons are invasive for the users and, being bulky, in
most of cases, they require a modification of workplaces. Advancements in soft
materials and bioinspired design have led to promising solutions for wearable
robots. Soft exoskeletons have revolutionized the concept of motion assistance
to human beings, in terms of invasiveness and natural human-robot interaction,
as they are not related to a rigid structure but directly to human anatomy. The
development of commercially available solutions of soft exoskeletons in the future
might encouraging the widespread adoption of assistance devices in industry.
However, most of soft exoskeletons that have been designed and developed in the
last years are intended to be used in assistive daily living tasks and rehabilitative
applications, since they require lower forces than industrial applications.

Proposal The recent developments of actuators, i.e. electric motors, pneumatic
artificial muscles (PAM) and textiles, able to generate ever higher forces could
allow the use of soft wearable robots also in industrial settings [27]. The thesis
presents the design of soft wearable robots starting from biomechanical analysis of
industrial overhead tasks. To do that, the following steps are followed: (i) defini-
tion of the functional requirements of soft wearable robot based on biomechanical
analysis of industrial overhead tasks performed at laboratory environment; (ii)
definition of soft suit and two possible concepts of soft wearable robots for in-
dustrial tasks, i.e. tendon—driven wearable robot and pneumatic wearable robot.
The proposed soft suit and tendon—driven wearable robot are an Italian patent
pending technology [28]; (iii) definition of the dimensional characteristics of the
actuators and transmission systems; (iv) comparison of the systems using subjec-
tive opinions of the workers, they allow to compare the solutions from the user’s
point of view; managers, they allow to compare the solution from the customer’s
point of view; researchers, they allow to compare the solutions from a technical
point of view.
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Outline

The manuscript is outlined as follows

Chapter 1: State of the art of rigid exoskeletons for industrial applications
and soft wearable robots are reported.

Chapter 2: The biomechanical analysis of the industrial overhead tasks, i.e.
drilling, leveraging and cabling tasks, performed at laboratory environment
is presented.

Chapter 3: A two degrees of freedom human upper—limb model is used to
define the design requirements of soft wearable robot based on the results
obtained by the biomechanical results of industrial overhead tasks.

Chapter 4: Soft suit and two concepts of soft wearable robots are presented,
i.e. tendon—driven and pneumatic wearable robots.

Chapter 5: Detailed design of the proposed wearable robots, i.e. geometric
and operating characteristics of the actuators, is carried out.

Chapter 6: A multi-criteria decision making is used to compare the two
concepts of wearable robots.



Chapter 1

Soft wearable robots: state of the
art

In the present chapter a taxonomy of the wearable robots are presented in Sec. 1.1,
an overview of the most used wearable robots for industrial applications are re-
ported in Sec. 1.2, then a detailed analysis of the most promising soft wearable
robots are illustrated in Sec. 1.3.

1.1 Taxonomy of wearable robots

The wearable robots, or exoskeletons, are wearable devices which can be used
to assist the human performance in different fields, i.e. rehabilitation, assistive
daily living tasks and industry. In the literature, two different classifications of
the wearable robots are proposed: (i) based on the body part supported; (ii)
based on actuation and transmission systems.

In particular, the first classifies exoskeletons in:

e wearable robots for upper-limb: devices which assist the movements of
shoulder, elbow, wrist and hand;

e wearable robots for lower—limb: devices which assist the movements of hip,
knee and ankle;

e wearable robots for back and neck: devices which assist the movements of
back and neck.

The second classification, instead, divides the exoskeletons in rigid, semi-rigid
and soft systems as reported in Fig. 1.1. In particular:

e passive rigid wearable robots: the exoskeletons are composed by rigid links
which allow the transmission of the forces generated by a passive system,
i.e. preloaded springs (see Sec. 1.2);
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rigid exoskeletons soft exoskeletons
cable fluid
) ’
y)

semi-rigid

assive active
exoskeletons p

passive active
Figure 1.1: Classification of the wearable robots in: (i) rigid exoskeletons; (ii)
semi-rigid exoskeletons; (iii) soft exoskeletons.

e active rigid wearable robots: the exoskeletons are composed by rigid links
which allow the transmission of the forces generated by motors, i.e. electric
motors (see Sec. 1.2);

e passive soft wearable robots: the exoskeletons are composed by flexible
(soft) tissue, they do not assist the user using forces; i.e. wrist brace (see
Sec. 1.3);

e active soft wearable robots: the exoskeletons are composed by flexible (soft)
tissue which allow the transmission of the forces generated by cable or fluid
systems, i.e. pneumatic actuators (see Sec. 1.3).

e semi-rigid wearable robots: the exoskeletons are composed by rigid and soft
links.

1.2 A brief overview of industrial wearable robots

Rigid exoskeletons have been the first exoskeletons introduced in the literature
and real environments. In particular, the main application area are: (i) military
applications to support or improve military performance in hostile environments;
(ii) rehabilitation to support the patient during the performance of a wide range
of motions to partially or totally recover motor functions; (iii) assistive in order
to support the patient during daily living tasks; (iv) industrial applications to
support the workers during the execution of manufacturing tasks.

An exhaustive list of the industrial exoskeletons presented in the literature is
reported in [23]. The authors include a list of rigid exoskeletons for upper-limb,
back and hip, lower limb presented from 1995 to 2014. They also describe the
systems and their potential effects in terms of physical load reduction on the
wearer.

In this section, the exoskeletons already on the market and implemented in
real industrial contexts are presented. In particular, the existing exoskeletons
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can be divided as: (i) full powered exoskeletons (active exoskeletons); (ii) passive
exoskeletons.

Usually, the full powered exoskeletons are active devices and they use motors,
i.e. electric motors, to transmit the forces from robot to user. Active exoskeletons
provide full support/power of the movements, follow body kinematics, actuate all
or most of the human joints and require high energy. They are implemented to
increase the user’s performance. A classic example in construction environments
is Guardian XO ! (Sarcos, USA), see Fig. 1.2a. The advantages of the full pow-
ered exoskeletons are: high level of assistance and adaptable; the disadvantages,
instead, are: they require high energy, they are heavy and bulky.

The passive exoskeletons, instead, are used as a preventive tool for workplace
injuries and they use passive actuations, i.e. preloaded springers. Moreover,
passive exoskeletons provide only partial support of movements, actuate only a
few joints based on task to be supported. For this reason they are task specific
and can be dived in:

Overhead tasks Usually, the overhead tasks are industrial tasks employed in
manufacturing industries, i.e. assembly lines, aeronautical and war industries.
The most exoskeletons adopted in real industrial scenario to support the upper—
limb, i.e. shoulder and elbow movements, are: EksoEVO ? (Ekso Bionics, USA);
ShoulderX 3 (Suitx, USA); SkelEx * (Skel-Ex, NL); Airframe ® (Levitate Tech-
nologies, USA); H-VEX ¢ (Hyundai, KR); Paexo 7 (Ottobock, GE); Mate ® (Co-
mau, IT), see Fig. 1.2b. They are passive and rigid exoskeletons; in particular,
the wearable robots use preloaded springers to generate forces transmitted to the
worker using rigid links anchored to the worker’s biceps. The exoskeletons for
overhead tasks are also defined as exoskeletons zero gravity since they compensate
the gravity force of the upper limb and tool.

Lifting tasks Usually, the lifting tasks are carried out in industrial and logis-
tic environments. The most exoskeletons adopted in real industrial and logistic
scenarios to support back and hip are: Laevo V2 ? (Laevo, NL), see Fig. 1.2¢;
BackX % (SuitX, USA). They are passive and rigid exoskeletons; in particular,
the wearable robots use preloaded springers to generate forces transmitted to the
worker using rigid links anchored to the worker’s quadriceps.

"https://www.sarcos.com/products/guardian-xo-powered-exoskeleton/

’https://eksobionics.com/ekso-evo/

3https://www.suitx.com/shoulderx

‘https://www.skelex.com/

Shttps://www.levitatetech.com/

Shttps://www.hyundai.com/

"https://paexo.com/

Shttps://mate.comau.com/

Yhttps://www.laevo-exoskeletons.com/en/laevo-v2
Onttps://www.suitx.com/backx
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Figure 1.2: Rigid exoskeletons for industrial application. (a) full powered ex-
oskeleton, Guardian XO from Sarcos; (b) upper-limb exoskeleton for overhead
tasks, Mate from Comau; (c) back exoskeleton for lifting tasks, Laevo V2 from
Laevo; (d) lower-limb exoskeleton for sedentary tasks, Chairless Chair from
noonee.

Sedentary tasks Usually, sedentary tasks involve the worker in a specific con-
figuration and position. One of the most exoskeleton used in real automotive
industries is Chairless Chair '' (Noonee, DE), see Fig. 1.2d. Tt is a rigid ex-
oskeleton; in particular, it allows the worker to sit anywhere in order to perform
the required task in an ergonomic way and without overloading the joints of the
lower—limbs.

1.3 A detailed analysis of the most promising
soft wearable robots for upper—limb

An exhaustive list of soft wearable robots is presented in many recent works [27,
29,30]. Here, the authors have illustrated the soft wearable robots for upper body
(i.e. neck, upper limb and trunk) and lower body (i.e. hip, knee and ankle), de-
scribing in detail the different types of actuators and power transmissions. A
detailed analysis of the most promising soft wearable robot for upper—limb assis-
tance is proposed in Sec. 1.3.1 [31], excluding hand wearable robots. In particular,
compared to studies already presented in the literature [27,29], the main features
of a soft exoskeleton are analysed, by taking into consideration design concept,
i.e. degrees of freedom, supported movements, range of motions and mass; actua-
tion, i.e. actuation methods, actuators and power transmissions; sensing system;
control strategy and application. Finally, advantages, disadvantages and current
limitations of the soft wearable robots are discussed in Sec. 1.3.3.

1.3.1 Classification of the main soft wearable robots for
upper—limb assistance

The most promising soft wearable robots presented in the literature are reported
in Tab. 1.1. The table classifies wearable robots based on supported joint an-

"https://www.noonee.com/



Chapter 1 Soft wearable robot: state of the art

gles, i.e. shoulder, elbow, wrist and multi-joint. Moreover, it reports, for each
wearable robot: supported movements (SM), range of motion (RoM), mass, ac-
tuator and power transmission, sensing system, control strategy and application.
The pictures of the analysed soft wearable robots are reported in the following fig-
ures: Fig. 1.3 for shoulder joint exoskeletons, Fig. 1.4 for elbow joint exoskeletons,
Fig. 1.5 for wrist joint exoskeletons and Fig. 1.6 for multi—joint exoskeletons.
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<

Figure 1.3: Main soft wearable robots for assisting the shoulder joint. (a) passive
tendon—driven wearable robot from Seoul National University [1]; (b) fabric-based
wearable robot from National University of Singapore [2]; (c¢) fabric-based wear-
able robot from Stanford University [3]; (d) textile wearable robots from Harvard
University at the Whyss Institute for Biologically Inspired Engineering [4]; con-
cept of hybrid soft wearable robot from University of Illinois [5].

[(c) &=

Figure 1.4: Main soft wearable robots for assisting the elbow joint. (a) tendon—
driven wearable robot from School of Mechanical and Aerospace Engineering at
Robotics Research Center in Singapore [6]; (b) tendon—driven wearable robot
from University of Aeronautics and Astronautics in China [7]; (c¢) fabric-based
wearable robot from National University of Singapore [8]; (d) fabric-based wear-
able robot from Arizona State University [9]; (e) hybrid soft wearable robot from
Korea Institute of Machinery and Materials [10].

(a) (b)

Figure 1.5: Main fabric-based wearable robots for assisting the wrist joint, from
Soft Robotics Research Center at Seoul National University [11] (a) and from
University of Southern California [12] (b).

Upper—limb kinematics The upper limb is composed by three main articula-
tions [25]: shoulder, elbow and wrist joints, see Fig. 1.7. The shoulder articulation
is the most complex joint and it connects the humerus with the shoulder. The

11
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Figure 1.6: Main soft wearable robots for multi—joint. (a) tendon—driven wear-
able robots from Shenyang Institute of Automation [13]; (b) tendon—driven sys-
tems from University of California [14]; (c¢) tendon—driven wearable robot from
Nanyang Technological University in Singapore [15,16]; (d) textile wearable robot
from Politecnico di Torino [17]; (e) soft wearable robot with pneumatic gel mus-
cles from Hiroshima University [18].

shoulder joint is modelled as a 3 degrees of freedom (DOF) joint, i.e. a spheri-
cal joint, simulating the movements of the glenohumeral. The three movements
are defined as: shoulder flexion—extension «, shoulder abduction—adduction A
and shoulder rotation v, see Fig. 1.8. The elbow is a synovial joint between the
humerus, in the upper arm, and the radio and ulna, in the forearm. For a first
approximation, the elbow joint is modelled as a 1 DOF joint, i.e. a simple hinge
joint as reported in Fig. 1.8. The movement is defined as elbow flexion—extension
0. The wrist joint connects the radius with the ulna and the radius with the hand.
It is schematised as a 3 DOF joint and the movements are defined as: pronation
and supination e, wrist flexion-extension ¢ and wrist radial-ulnar deviation 7,
see Fig. 1.8. Table 1.1 reports the supported movements (SM) by the wearable
robots: «a, B and ~ for wearable robots supporting the shoulder; ¢ for wearable
robots supporting the elbow; €, ¢ and n for wearable robots supporting the wrist;
for the wearable robots supporting multiple joints, we have a combination of all
the angles.

Design concept Apart from the actuation sources and systems, soft exoskele-
tons are also characterized by: (i) anchor points, that guarantee the execution of
correct movement to be supported; (ii) suits, that guarantee the correct position
of the anchor points, actuators and power transmissions. In particular, the correct
execution of the required movements is guaranteed by the correct positioning of
the anchor points of the pneumatic actuators or power transmission, i.e. tendons,
on the subjects’ body. The positions of the anchor points are not standard and
change in each configuration presented in Tab. 1.1. However, some common fea-
tures are: (i) the shoulder movements are carried out placing the anchor points on
trunk /upper back/shoulder and upper arm, see Fig. 1.3; (ii) the elbow movement
is assisted placing the anchor points on the upper arm and forearm, see Fig. 1.4;
(iii) the wrist movements are assisted placing the anchor points on forearm and
hand, see Fig. 1.5. In most of the cases reported in Tab. 1.1, two anchor points

12
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shoulder complex
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Figure 1.7: (a): bones in the upper limb; (b): shoulder complex is comprised
of three bones: the clavicle, humerus and scapula. The shoulder complex is
composed by four junctures: sternoclavicular (sc joint), acromioclavicular (ac
joint), glenohumeral (sh joint) and scapulothoracic (st joint) joints. The elbow
complex is composed by three junctures: humeroulnar (hr), humeroradial (hu)
and proximal radioulnar (pr) joints. The wrist complex is composed by distal
radioulnar (dru) joint.

allow to perform the movement in one direction, i.e. 1 DOF'; these exoskeletons
are defined full-actuated since for each DOF they use an actuator. The wearable
robots proposed in [1,4,16], instead, are defined under—actuated since an actuator
can assist more than 1 DOF. In particular, a specific configuration of the anchor
points allow to perform shoulder flexion—extension o and shoulder abduction—
adduction 8 using a free-to—move anchor point from anterior part to the medial
part and soft cruciate linkage, respectively. A mechanical solution, instead, is
proposed in [16] to carry out shoulder and elbow flexion—extension (« and ¢). In
this exoskeleton the anchor points, located on the upper arm and forearm, allow
to flex the elbow joint (§) until 90 degrees, when ¢ reaches 90 degrees the elbow
angle is locked and the same cable, using a different position of anchor point (i.e.
shoulder and upper arm), assists the shoulder joint («). The suits, as mentioned
above, are used to fix the anchor points on the human and for adjustment the
wearable robot to individual users using strap, Velcro, hook—and-look or by re-
inforcing the anchor areas with flexible plate [4]. Most of the proposed suits use
shoulder, elbow, wrist braces and in same cases jackets [4, 10, 14, 17]. Finally,
as reported in Tab. 1.1, the soft exoskeletons are generally lightweight; the mass
of the systems is lower than 500 g, except for wearable robots where the power
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rotation
7%
(a) (b) %6, :

upper arm/

Figure 1.8: (a): schematization of the upper limb; sh joint: shoulder joint; el
joint: elbow joint; wr joint: wrist joint; ha CoM: CoM of the hand. (b) upper
limb movement.

system is worn [6, 14, 16, 18].

Actuation The actuators and power transmission systems reported in Tab. 1.1
can be classified in: (i) cable-driven systems, which use Bowden cables (or ten-
dons) to generate the required movements; (ii) fluid—driven soft actuators (or
pneumatic actuators), which use specific cavities and geometries to generate force
when pressurised. In particular, the latter can be divided in: pneumatic artifi-
cial muscles (PAM), fabric-based inflatables and textiles (textile/fabric). The
PAM are historically the first pneumatic actuators that have been used for soft
wearable robots [27]; then, they have been improved by making actuators capa-
ble of generating higher forces, such as flat pneumatic actuators (FPA) [11] and
pneumatic gel muscles (PGM) [18]. In the last decade, soft actuators made from
fabric or a combination of material properties, i.e. textiles, have started having
great impact on the design and fabrication of soft wearable robots. The com-
mon methods of fabrications include the combination of the following materials:
polyurethane (PU) [2,3]; thermoplastic polyurethane (TPU) [8,9,12] and inex-
tensible textile [4]; Twaron with a latex tube (M.T.D13.L1) [17]. The actuation
method is electric for cable-driven systems, i.e. based on electric motors, and
pneumatic for fluid-driven soft actuators. Hybrid solutions are also proposed:
passive (i.e. springs) and pneumatic systems are used to generate the contraction
of the tendons in [1] and in [5, 10].

14
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Sensing system The sensors used and reported in Tab. 1.1 can be divided in:
(i) sensors to monitor human activities, i.e. encoders, motion capture (mocap),
inertial measurements units (IMU) and electromyography (EMG); (ii) sensors to
monitor the state of the actuators and power transmissions, i.e. pressure sensors
and load cells. In particular, encoders are usually used for measuring elbow
movement (0) [6,7,10,32] or for measuring elbow and shoulder movements («
and J) [16]; motion capture systems are used to estimate shoulder, elbow and
wrist movements («, 3, 7, 9, €, ¢ and ) [13]; IMUs, placed on the upper arm and
forearm, are used to estimate attitude (i.e. roll, pitch and yaw) [14] and measuring
elbow movement (J) [7] through the extraction of quaternions; EMG, usually
placed on biceps brachii (BB) and triceps brachii (TB), are used to estimate the
maximum voluntary contractions (MVC) in [8] and, placed on BB, to estimate
the elbow joint torque using a sequence of filters including the Kalman filter [7];
encoder and EMG together, placed on BB, TB and brachioradialis, are used to
estimate the elbow joint torque using the Hill-type muscle model [32]. Finally,
load cells can be integrated in cable—driven systems to measure the tension of the
cable [6, 13]; pressure sensors, instead, are usually adopted by pneumatic-based
systems to monitor air pressure [2,8,12,18].

Control strategy The main control strategies reported in Tab. 1.1 can be
divided in: (i) position control; (ii) pressure control; (iii) intention—detection
control; (iv) torque estimation control. The position control (i) and pressure con-
trol (ii) are easy—to—use control strategies, but they do not guarantee a perfect
symbiosis between human and robot. In particular, in position control strategies
(i) the pneumatic actuator pressure or cable length is varied in order to follow
a predetermined trajectory, dependent on the task to be performed. Position
control is usually performed in closed—loop and encoders, mocap and IMU are
implemented in the feedback branch [2,10,11,13]. Pressure control strategies (ii),
instead, are usually used for pneumatic actuators where predefined trajectories
of the arm define a reference pressure to be applied in input. With this regards,
two strategies are proposed: an open—loop control [3,4,9] and closed—loop control
where pressure sensors are usually implemented in the feedback branch [12,18].
Intention—detection (iii) and torque estimation control (iv) strategies try to fol-
low the human movements, in order to get closer to a symbiosis between human
and robot. Intention—detection controls (iii) are proposed in [16] as open—loop
using voice command control and in [8,14] as closed—loop control. In particular,
intention—based motions using EMG signals is proposed in [8] and mimetic con-
trol using IMU is illustrated in [14] where the actuated arm, i.e. the right arm,
follows the movement of the non-actuated arm, i.e. the left arm. The torque es-
timation control (iv) is proposed in [7] as EMG-based torque estimation control
strategy. In this work the authors propose to estimate the elbow joint torque
using EMG signals and a Kalman filter; then, an incremental angle is estimated
and compared to feedback branch composed by elbow joint (§) measured using
encoder. Finally, a promising control strategy is proposed in [6,32] as gravity
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compensation torque. In particular, the authors estimate the elbow joint torque
required using single—joint model and the assistive torque generated by the soft
exoskeleton is evaluated measuring the tension of the cable, using load cell; then
the difference between gravity compensation and assistive torque, defined as in-
teraction force, is converted to a reference velocity for the motor in order to
have an interaction force equal to zero. In this way the assistive torque is equal
to gravity compensation torque of the elbow joint (0). An improvement of the
control strategy is proposed in [32] where the elbow torque is evaluated thought
Hill-type muscle model using the EMG and encoder signals.

Application The fields of applications can be divided in: (i) rehabilitation for
medical use; (ii) assistive for daily living (ADL) tasks; (iii) industry for indus-
trial tasks. The main applications of examined soft wearable robots, as Tab. 1.1
underlines, are rehabilitation and assistive.

1.3.2 Discussion

The analysis of the soft wearable robots for upper limb illustrated in Sec. 1.3.1
underlines that tendon—driven, fabric-based inflatables and textile are the actu-
ation systems mostly adopted in the last decade. As indicated in [27], the first
are controllable and can generate high forces; however, during use, the cables
could generate high friction forces and the anchor points could slip. The second,
instead, are simple and fast to fabricate, lightweight and can generate high forces;
however, during use, delamination of the layers could be generated.

The illustrated advantages of the soft wearable robots are still linked to exper-
iments performed in a laboratory setting. In particular, unlike rigid exoskeletons
that have been widely implemented and validated in application contexts, as in
industry [23], most of the examined soft wearable robots have been only tested
in laboratory settings, as for istance, validation through reduction of muscle ac-
tivations and fatigue of the subject during the execution of specific tasks. The
authors in [4], instead, propose to validate the soft wearable robots across five
stroke survivors. However, the involvement of five subjects is still not statisti-
cally relevant as underlined in [23], where the authors suggest that eight is the
minimum number of subjects to consider the study as statistically significant [23].

1.3.3 Research and technology limitations

To improve design and fabrication and to observe a complete involvement of soft
wearable robots in all fields of application the following limitations should be
overcome:

Tools for design and simulation Currently the behaviour of soft actua-
tors, i.e. forces generated and displacements, are studied using (i) finite element
method (FEM) [33,34]; (ii) experimental simulations [17]. Then, the joint torques
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generated by the actuators are evaluated through static or dynamic considera-
tions using kinematic model of the arm. In other cases, i.e. rigid exoskeletons,
the systems are modeled and simulated using musculoskeletal models as reported
in [35], using Anybody Modeling System'?) and in [36], using OpenSim simu-
lator'®. Software applications for design and simulation of soft wearable robots
integrated with musculoskeletal models have not yet been explored in depth; a
recent example of application is proposed in [37]. They could lead to significant
improvement in soft wearable robotics, since they would allow to compare dif-
ferent design concepts, materials and geometries of wearable robots before the
physical prototyping.

Transportability of soft wearable robots Tendon—driven systems are de-
fined transportable systems since they wear, usually on the back, the power sys-
tems composed of electric motors, gears and batteries. The pneumatic exoskele-
tons, instead, are not transportable since there are still technological limitations
that prevent the wearing of the power system, i.e. air compressor. In this direc-
tions, different works have been presented solutions that aim to miniaturize the
pumps for soft pneumatic actuators [38]. To date, we can conclude that the sys-
tem transportability is fundamental for daily living tasks in which the wearable
robot assists the subject throughout the day. In other applications, where the
subject’s position is within predefined areas such as medical and industrial tasks,
the portability of the system plays a less relevant role. For these reasons, to-
day tendon-driven systems are preferred for assistive applications and pneumatic
systems are more suitable for rehabilitation and industrial contexts.

Wearability of soft wearable robots The wearability of the systems depend
on the size of the exoskeleton. In this regard, one of the main advantages of pneu-
matic actuators is the possibility to wear them under clothing in order to create
a more comfortable and less invasive wearable systems [10]. This feature could
bring enormous benefits in industrial sector, where it will no longer be necessary
to adapt workstations to workers who wear wearable robots; it will be enough
to wear a simple actuated suit to reduce the risks associated to musculoskeletal
disorders related to biomechanical overload [39,40]. To enhance the wearability,
design approaches where the suits and anchor points are based on the real 3D
models and anthropometric characteristics of the human [41] can be explored, as
already done in different fields as orthopaedics [42,43]. Another important trend
that can be observed in the direction of enhanced wearability is the implementa-
tion of flexible sensors (or soft sensors) in order to eliminate bulky components of
exoskeletons, i.e. IMU and encoders. Moreover, two different approaches could
be used: (i) flexible sensors on the human that evaluate the movements, i.e. joint
angles, based on voltage of the soft sensor resistance [44]; (ii) flexible sensors in
the actuators that measure the position and behaviour of the actuators [27].

2https://www.anybodytech.com/
Bhttps://simtk.org/projects/opensim/
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Control of soft wearable robots The control strategies of tendon-driven
wearable robots, i.e. EMG-based torque estimation and admittance control
strategies [0, 7], have been investigated more thoroughly than control strate-
gies for pneumatic soft wearable robots. Control strategies for soft pneumatic
actuators are required to successfully implement soft wearable robots in real en-
vironments. In particular, control strategies must be able to follow and adapt to
joint movement in a natural and accurate way. To do that, two main approaches
could be followed: (i) kinematics—based approach [45]; (ii) synergy—based ap-
proach [46-48].
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Chapter 2

Biomechanical analysis of
industrial overhead tasks

The chapter presents the biomechanical analysis of the whole upper body during
the execution of the most demanding overhead tasks, i.e. drilling, leveraging and
cabling tasks. Initially, the tasks were performed at laboratory environment at
two different working heights defined as: low configuration and middle configura-
tion. Before to perform biomechanical analysis, an ergonomic assessment of the
worker was conduced in order to define the most demanding task and any cor-
relations between the selected tasks. In particular, rapid upper limb assessment
(RULA) method was used to define the worker ergonomic and risks associated
to WMSD. Then, a biomechanical analysis of the most demanding task was car-
ried out in order to define a better working configuration for the workers. In
particular, multiple performance metrics are derived to have a complete view of
the worker biomechanical behaviour of upper body, i.e. upper—limb, neck and
trunk, during the execution of the task, with the objective to understand the
real sources of WMSD. In particular, the performance metrics include: average
timing values of the task execution, temporal profiles and average of joint angles,
average of joint torques, root mean square of the normalized muscle activations.
The evolution over time of the joint angles and joint torques are evaluated re-
producing the movement of the worker in virtual scenario using digital human
models (DHM), i.e. OpenSim [49]; the muscle activations, instead, are computed
from the electromyographic (EMG) signals. The analysis is also compared with
compering works. The results suggest that only an integrated approach can be
effectively used to define the biomechanical behaviour of the worker, and thus
provide guidelines for ergonomic design of industrial workstations and, rational
selection or development of assistance aids (i.e. robotic exoskeletons), if needed
for the task.
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2.1 Methods

In the biomechanical analysis four different aspect is considered: (1) task perfor-
mance; (2) kinematic movements; (3) dynamic loads; (4) muscle activities. For
each aspect, a performance measure is derived. The biomechanical analysis is
based on the reconstruction of joint angles and torques from motion capture and
ground reaction forces data using biomechanical modelling, and estimation of
muscle activation from surface electromyography. The overall methodology used
in this chapter is illustrated in Fig. 2.1.

Instrumentation and measurements
description of the task - O .%

Lmotion capture force platforms EMG sensorsj

// multiple performance metrics \ ( )
Y . ) lection of the best
r(l) task performance (2) | kinematic movements selection of the bes'
—
l working configuration
execution temporal profiles and _ Y,
time mean of joint angles
overhead task \ /\ /
(; (.
(3) dynamic loads (@ muscle activities ) r N
l guidelines for custom
mean RMS of 1 > istive devi
- assistive devices
\_ of joint torques JANR muscle activations J)
AN — . J
human movement reconstructed

f Modeling and simulation using digital human models \ human movement captured
k Biomechanical and electromyography analysis ,J

Figure 2.1: Biomechanical analysis of the industrial task to reduce the risks
associated to WMSD.

2.1.1 Multiple performance metrics

Task performance

Classic metrics used to evaluate the task performance are: (i) number of repeti-
tions during a time period [50]; (ii) time to reach a specific target which represents
the work position [51]; (iii) execution time of the task [19,52-54]. In real factory
scenarios, workers are usually instructed to perform a task in the shortest possible
time, to enhance productivity. Therefore, task performance metric selected is the
execution time of the task.

Kinematic movements

With movements we refer to kinematics and posture of the worker during the exe-
cution of an industrial task. Common metrics used to measure workers movement
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are: (i) range of motion (RoM) of workers during the execution of a task [53,54];
(ii) maximal or average value [51]; (ii) temporal profiles, i.e. evolution over time
of the joint angles of the workers [51]. In this work, average values of joint an-
gles is used as performance metric since the task can be considered static task.
Moreover, pairwise comparison of joint angles is used, as proposed in [55], to eval-
uate the the influence of each joint on the specific industrial task. Finally, the
temporal profiles of joint angles is reported to validate the results obtained for
the selected task and to take into account the variation of the joints not visible
through the selected metrics. The joint angles are reconstructed using inverse
kinematics (see, e.g. App. A.1).

Dynamic loads

The loading of each joints during the execution of an industrial task can be
evaluated in static and dynamic conditions: (i) static joint loads using average
values [53] and static joint torques using temporal profile [56,57]; (ii) dynamic
torques using average values [54]. Since industrial tasks often involve the use of
tools which generate vibrations (e.g. drilling tasks), in this work, the average
values of joint torques is selected as dynamic performance metric. Dynamic anal-
ysis are therefore useful to establish the configuration of the workstation which
minimize the joint torques on the workers. The joint torques are reconstructed
using inverse dynamics (see, e.g. App. A.2).

Muscle activities

The muscle activities are usually quantified with a direct measure of muscle ac-
tivations [19,51,58,59]. The EMG signals can be studied in: (i) time domain,
using the average or root mean square (RMS) values of the signal [58,59]; (ii) fre-
quency domain, using mean power frequency (MPF) or median power frequency
(MDF) [19]. In this work, the time domain is used to have a perfect correlation
between muscle activation and kinematic/dynamic results. In particular, root
mean square (RMS) values of muscle activations is selected to characterize the
muscle activities of the worker and to define the part of the body subject to the
largest physiological demand during the activity. The calculation of this metric
requires specific protocol (see Sec. 2.2.4) for treatment and processing of EMG
signals.

2.1.2 Biomechanical analysis of workers

Human movements capturing

Classic technologies used for human movements capturing include: (i) optical
cameras with markers and without markers [53,60,61]; (ii) wearable motion sens-
ing suits with e.g. inertial measurements units (IMU) [62] and /or soft sensors [44].
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For dynamic analysis, instead, the most adopted technologies are: (i) force plat-
forms; (ii) wearable force sensors, e.g. wearable force plates [63]. In industrial
settings, wearable motion capture systems and wearable force sensors would be
preferable, as the inertial suit Xsens MVN [64] and wearable force sensors as
Xsens shoes [65]. However, they present a low accuracy [66] in evaluating human
joint angles and torques if compared to laboratory equipment (optical cameras
and force platforms), which currently are the most accurate systems for tracking
human motions. In this work, the optical cameras with markers and force plat-
forms is used in order to obtain results as accurate as possible. Finally, muscle
activations are measured using surface EMG (SEMG) sensors as proposed in the
literature [19,51, 58, 59].

Human movements reconstruction

Digital human models (DHM) are used to describe the behaviour of the subject
from the human motion data, and they are used to replicate the human activ-
ity in virtual environment. Classic software used in this context can be divided
in: (i) static DHM software (as Simens Tecnomatix Jack [67]) (ii) biomechanical-
based DHM software which implements biomechanical models of the human body
with an accurate dynamic analysis (as AnyBody [68] and OpenSim [49]). For a
comprehensive overview of DHM and associated software tools, the reader can
refer to [69]. One of the most used biomechanical-based DHM environments is
OpenSim, an open source software. Here, simulations are generated by experi-
mentally measured kinematic, kinetic and EMG patterns. This software, initially
devoted mainly to medical and sports applications, has recently demonstrated
interesting capabilities in risk-assessment of WMSD [39,70]. Therefore, OpenSim
is used also in this work. The basic advantages of OpenSim are: (i) scaling of
the digital human model (DHM) based on real anthropometric characteristics;
(i) generating a muscle-driven simulation of human movements; (iii) computing
of DHM joint angles, torques and muscle activations. The detailed procedures
for inverse kinematics and inverse dynamics starting from motion capture and
ground reaction forces data are reported in App. A. However, in this study the
muscle activation is computed directly by the EMG signals, in order to obtain a
more manageable and accurate analysis of the human muscle activities.

2.2 Experiments

A laboratory study on drilling, leveraging and cabling overhead tasks performed
at different working heights were conducted according to literature indications [19,
50,52]. The objective of the experiments is to define the best working configura-
tion for the workers through ergonomic and biomechanical analysis. The exper-
iments were performed at ErgoS Lab, the Laboratory of Advanced Measures on
Ergonomics and Shapes at CeSMA, University of Naples Federico II.
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Table 2.1: Anthropometric characteristics: Height, Weight, Uarm (upper arm),
Larm (lower arm) and personal detail (i.e. age) of the subjects involved for the
experiments. S.D.: standard deviation; Min.: minimum value; Max.: maximum
value.

Age | Height | Weight | Uarm | Larm

yr] | [cm] kg [em] | [em]
Mean | 27.0 | 182.1 | 849 | 36.6 | 26.9
SD. | 50 | 6.8 8.5 08 | 27
Min. | 24.0 | 176.0 | 77.0 36 | 23.5

Max. | 34.0 | 189.0 95.4 37.5 29.0

2.2.1 Participants

Four right—hand Italian males, volunteer subjects, were selected from the local
population to participate for the experiments. The subjects do not have or have
limited experience with industrial work. All participants did not report any
musculoskeletal disorders or problems over the past twelve months. Participants
gave written informed consent, according to the Statement of Ethics Committee
of University of Naples Federico IT — Ref. Protocol 335/20, before starting the
experiments. After an initial briefing, a physician collected their anthropometric
characteristics and personal details: these are reported in Tab. 2.1. According
to the Italian population stature distribution [71], two subjects belong to the
97" percentile (in the following referred to with the letters a and b), while two
subjects belong to the 50" percentile (in the following referred to with the letters
¢ and d) as proposed in [72].

2.2.2 Laboratory task and description

Task setup An experimental platform for performing overhead tasks with dif-
ferent working heights was designed (see, e.g. Fig. 2.2): it is composed of four
circular section poles (height-adjustable), which support an overhead platform
composed by a rectangular structure (square section).

Tasks description Drilling task (DT): the subjects were asked to stay with
the right hand below the head for about 7 seconds (reset position) and to drill a
wooden beam (dimension: 70x70 mm) with a drill having a wood tip of diameter
10 mm (working posture). The weight of the drill is 1850 g. Each trial consisted in
three repetitions of the operations (work cycles). An example of the execution of
drilling overhead task is reported in Fig. 2.3a. Leveraging task (LT): the subjects
were asked to clamp 3 bolts with 2 wrenches (weight: 70 g). The bolts were fixed
on aluminium profile (dimension: 36x36x2 mm), as shown in Fig. 2.3b; each trial
consisted in three work cycles. Cabling task (CT): the subjects were asked to
insert the cable inside a hole and finally to perform a knot with both hands,
as illustrated in Fig. 2.3c; this task represents a simulated light assembly tasks
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platform for drilling task

Figure 2.2: Front view of the experimental setup comprising four poles as based
and overhead platform to perform drilling, leveraging and cabling tasks.

Drilling task Leveraging task Cabling task

Figure 2.3: Posture of the subject during the execution of drilling task (a), lever-
aging task (b) and cabling task (c).

where the subjects do not use a tool. For each trial the subjects carried out one
work cycle. For all the tasks, two trials were conducted and the recovery time
between two consecutive tests was chosen equal to 50% of the duration of the
test.

Independent variable The independent variable of the experiment was the
height of the platform for drilling task. In particular, the task was replicated at
two different working heights, called in the following low configuration and middle
configuration. The working height h depends on the anthropometric characteris-
tics of the subjects, and is defined as:

h=A+n(B-A) (2.1)
where:

e A: lowest possible working height for the selected task (see Fig. 2.4) and
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Y Y

Figure 2.4: Side view of the two anthropometric characteristics selected to eval-
uate the working height configurations defined in [19].

defined in [19] as: ”"hand height with the shoulder and elbow fixed to 90
degrees in neutral upper arm rotation”;

e B: highest possible working height for the selected task (see Fig. 2.4) and
defined in [19] as "hand height with the upper arm in full flexion (maximum
overhead reach) with shoulders parallel to ground”;

e n: weight coefficient, it can assume values between 0 and 1.

In present experiments, two working heights are used: hq, using n = 0 (low
configuration) and hs, using n = 0.4 (middle configuration), as proposed in [19].
For each working height, two trials were performed; the recovery time between
two consecutive tests was chosen equal to 50% of the duration of the test. Since
four subjects were involved for two trials of three work cycles each, a total of 116
experiments have been performed.

2.2.3 Instrumentations

This section describes the sensors and equipment used to measure human param-
eters related to the ergonomic and biomechanical measures described in Sec. 2.1.

Motion capture system The system used in the experiments to track the
kinematics is a motion capture system composed by ten infrared digital cameras
(SMART DX 6000, BTS Bioengineering). The sampling frequency of the cameras
is 340 Hz, at their maximum resolution of 2048 x 1088 pixel.
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Ground reaction forces Eight integrated force platforms (P-600, BTS Bio-
engineering) with sample frequency of 680 Hz are used for ground reaction forces
measurements.

Surface electromyography Muscle activities are measured by using eight
EMG sensors (FREEEMG 1000 and 300, BTS Bioengineering).

2.2.4 Protocols

Two different protocols were defined to track human joint angles and to mea-
sure the human muscle activations. One physician was involved in this study to
guarantee the correct placement of the markers and EMG sensors on the human

body.

Marker protocol

For the overhead task, we used an ad-hoc measurement protocol composed of
twenty-two markers. The protocol includes twelve markers placed on the upper
body according to the work in [73] and, additionally, two markers on the hand
according to [74]. The latter two markers have been added in the marker protocol
as they allow to define and calculate the wrist angles during the execution of the
industrial task. With respect to [73], the two additional markers on the anterior
superior iliac spine and four markers placed on the left arm were excluded since
the subjects involved in the current experiments are all right-handed, and thus
these markers are not needed. The last eight markers were placed on the lower
body of the subject according to palpable anatomical landmarks on the lower
extremity used in [75]. The full marker set is illustrated in Fig. 2.5.

The defined marker protocol allows to reconstruct the following joint angles
and the relative joint torques:

e Upper—limb angles/torques which includes shoulder flexion—extension (/)
and abduction—adduction (8/73);

e Lower limb angles/torques which includes shoulder rotation (y/73) and el-
bow flexion—extension (§/74);

e Wrist angles/torques which includes wrist flexion—extension (e/75), wrist
radial-ulnar deviation ({/76) and pronation-supination (n/77);

e Trunk angles/torques which includes trunk flexion—extension (6/73), lateral
bending (¢/79) and axial rotation (k/70);

e Neck angles/torques which includes neck flexion—extension (A/7;), axial
rotation (p/72) and lateral bending (v/713).
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Figure 2.5: Marker set on the human body, where: LTR/RTR: Left/Right Tem-
poral Regions; LMC/RMC: Left/Right Medial end of the Clavicle; C7: Cervical
vertebra; LA/RA: Left/Right Acromion; RLHE/RMHE: Right Lateral/Medial
Humeral Epicondyle; RRS/RUS: Right Radial/Ulnar Styloid; R2MC/R5MC:
Right 2°¢ /5% Metacarpal; S: Sacrum; LT/RT: Left/Right Greater Trochanter;
LK/RK: Left/Right Lateral Femoral Epicondyle; LM/RM: Left/Right Malleo-
lus; LMe/RMe: 5% Metatarsal of the Left/Right Foot.
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EMG protocol

The EMG sensors were placed on the upper body of the subjects according to [58,
76] and following to the indications given by the SENTAM project!'. The muscles
included in the study are summarized in Tab. 2.2; the positions of the EMG
sensors on real subject are shown in Fig. 2.6. In particular, the EMG sensors
were positioned on the dominant side of the subject (right side for all subjects,
see Sec. 2.2.1).

Before starting the experiments, the participants were asked to perform iso-
metric maximal voluntary contractions (MVC) used to normalize the EMG signals
(see Sec. 2.2.5). The manual muscle tests carried out for each muscle considered,
according to SENTAM project, are:

e anterior deltoid (AD): the physician is positioned behind the subject and
asks the subject to perform against resistance shoulder abduction in slight
flexion, with the humerus in slight rotation;

e medial deltoid (M D): the physician is placed laterally to the subject and
resists abduction of the arm to 90 degrees (without rotation);

e upper trapezium (UT'): the physician stands behind the subject and uni-
lateral action resists shoulder elevation and tilt of the head;

e biceps brachii (BB): the physician stands in front of the subject and resists
elbow flexion (with the forearm in supination);

e long head of the triceps brachii (T'B): the physician stands in front of the
subject and resists elbow extension;

e extensor carpi radials longus (EC): the physician stands in front of the
subject and resists the wrist extension (with his hand closed in a fist);

e crector spinae at level L3 and T9 (L3 and T'9): the subject was asked to
lift the trunk against resistance from a prone position.

2.2.5 Data processing and analysis

The marker positions, the ground reaction forces and muscle activations during
the task execution were captured and processed using BTS SMART Capture
and BTS SMART Analyzer software (BTS Bioengineering, Milan, Italy). Kine-
matics and dynamics were reconstructed using OpenSim. Then, the results of
inverse kinematics, inverse dynamics as well as muscle activations were imported
in MATLAB (MathWorks, Natick, USA) to identify the temporal events of the
tasks and to perform the statistical analysis of the results.

http://www.seniam.org
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Table 2.2: Positions of EMG sensors on the human muscles.

Body muscles EMG sensor position

Shoulder or Neck Anterior Deltoid (AD)

Shoulder or Neck Medial Deltoid (M D)

Shoulder or Neck Upper Trapezium (UT)

Arm or Hand Biceps Brachii (BB)

Arm or Hand Long Head of the Triceps Brachii
(I'B)

Arm or Hand Extensor Carpi Radials Longus
(EC)

Trunk or Lower Back | Erector spinae at level L3 (L3)

Trunk or Lower Back | Erector spinae at level T9 (79)

Figure 2.6: Marker and EMG sensors on the subject’s body. (a - ¢) front view;
(b) side view.
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Kinematics and dynamics The evolution over time of the joint angles and
torques specified in Sec. 2.2.4 were reconstructed using biomechanical muscu-
loskeletal models available in OpenSim [49]. According our knowledge, a full
model which considers all the joint angels and torques of our interest is not avail-
able in OpenSim. Therefore, we have used two different models: (i) Full-Body
Musculoskeletal Model [77]; (i) Musculoskeletal Model of Head [78]. The first
model, usually used for full-body analysis, includes 37 degrees—of—freedom (DoF);
among these, 7 DoF are available for each upper—limb. Through this model we
were able to reconstruct the evolution over time of the angles and torques of:
upper limbs, lower limbs and trunk. The second model, indeed, was used to
reconstruct the angles and torques of the neck. Each OpenSim model, at the
beginning, was scaled in accordance with the anthropometric characteristics of
the subjects (as specified in Sec. 2.2.1). The details about the inverse kinematics
and inverse dynamics computations are available in App. A.

Muscle activations The EMG signals were processed according to the follow-
ing four steps [46]: (i) rectification; (ii) smoothing with a moving average filter
(with time constant of 150 ms); (iii) filtering using a Butterworth low—pass filter
with a cut off frequency of 2 Hz; (iv) normalization with respect to the maximum
voluntary contractions.

Dependent variables The dependent variables evaluated in these experiments
are the multiple performance metrics explained and illustrated in Sec. 2.1: i.e.
task performance, temporal profile and mean of joint angles of the kinematic
movements, mean of the joint torques and root mean square of muscle acti-
vations. The dependent variables were evaluated in the two different working
heights specified in Sec. 2.2.2.

Statistical analysis The multiple performance metrics (see Sec. 2.1.1) are pre-
sented as mean + standard deviation, and the processing was performed using
MATLAB. Initially, the data of low configuration and middle configuration are
checked for normality with the Shapiro-Wilk test and then with the Levene’s test
for homogeneity of variances. The effect of the two working height configurations
on mean of joint angles and torques as well as on root mean square of muscle
activations, were tested with analysis of variance (ANOVA). The level of signif-
icance was set equal to 0.05. Finally, the effect size (ES) was calculated only
for statistically significant results since the differences between the two working
height configurations that depend on the sample fluctuation are not relevant.
The ES values for each joint angle, torque and muscle activation at the low and
middle working height configurations were calculated according to Cohen’s d [79].
In accordance with [79,80], we use the following scale for interpretation of the
effect size results: small, for £S < 0.2; medium, for 0.2 < ES < 0.5; large, for
0.5 < ES <0.8; very large, 0.8 < ES < 1.20; huge, for £S > 1.20.
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2.3 Results

In this section we present the results of the biomechanical analysis of the overhead
drilling task, with regards to the metrics defined in Sec. 2.1.

2.3.1 Ergonomic assessment — RULA score

Before to carry out the biomechanical analysis, the joint angle results (indicated
in Sec. 2.2.4) are used to assess the worker ergonomics. Over the last decade,
the most adopted approaches for evaluating the risks associated to WMSD have
been: Ovako Working Posture Analysing System (OWAS) [81], Rapid Upper
Limb Assessment (RULA) [82] and Rapid Entire Body Assessment (REBA) [83].
These methods consider the working posture of the worker during the execution
of the task, then assign a score for each part of the body and a final score which
expresses the ergonomic condition of the worker. In particular, OWAS and REBA
consider the human joints of the whole body; instead, RULA considers only the
human joints of upper body. The RULA method is selected for the present
work since the the tasks selected only concern the upper body and the RULA
method is the standard approach used in current industries for evaluating the
risks associated to WMSD.

For each subject and for each task considered, a table which describes the
RULA local score and RULA final score is reported. The results are illustrated
in the following:

Drilling task RULA local and final scores for drilling task are reported in
Tab. 2.3. The table shows that, in most cases, the RULA final score is equal
to seven (red zone) for the both working configurations selected defined as low
configuration and middle configuration.

Leveraging task RULA local and final scores for leveraging task are reported
in Tab. 2.4. Also in this case, the table shows that, in most cases, the RULA
final score is equal to five or six (orange zone) for the both working configuration
selected.

Cabling task RULA local and final scores for cabling task are reported in
Tab. 2.5. The same considerations illustrated for the other two tasks can also be
repeated for this task.
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Execution time [s]

subj. a subj. b subj. ¢ subj. d tot.

"Ilow configuration BImiddle configuration‘

Figure 2.7: Average values of execution time for the four subjects (subj. a; subj.
b; subj. ¢ and subj. d) in the two working height configurations: low configuration
and middle configuration.

The ergonomic assessment, i.e. RULA method, does not allow to define the
best working configuration for the worker since this approach presents some limi-
tations: (i) the methods can only be used for static works; (ii) they allow to make
an overall ergonomic evaluation of the task, but they do not allow to identify the
parts of the body (joints and muscles) which are mostly stressed by the task; (iii)
they provide a rough final score, in the sense that only large angular variations of
the human joints can cause a variation of final score. In summary, the empirical
methods do not allow to have a complete analysis of the industrial task; this can
be a problem mainly for complex tasks as the overhead tasks [39].

Finally, the biomechanical analysis is carried out only for drilling task since
it is the most demanding task and all tasks, i.e. drilling leveraging and cabling,
present the same correlations in terms of joint angles.

2.3.2 Task performance

The metric regarding task performance is the execution time of the task, which
represents an estimate of productivity. The mean values of the execution time
for the four subjects are reported in Fig. 2.7. Passing from low configuration to
maddle configuration, the figure shows a significant decrease, with a large effect,
of the execution time of 3.86 s (p = 0.006; £S = 0.800) which corresponds to a
relative decrease of 27.3% and thus, a potential increase of productivity.

2.3.3 Kinematic movements

We have selected two metrics regarding kinematic movements: temporal profiles
of joint angles and average values of joint angles.

35



Chapter 2

Biomechanical analysis of industrial overhead tasks

s RULA local score

low configuration

middle configuration

80 30
+3 +1
60 P
20
Ed El
<, 40 =,
B /’____.,.-——\,——/ «
+2 10
20
0 0
0 20 40 60 80 100 0 20 40 60 80 100
cycle [%)] cycle [%]
20
+2
100
+1 M
.
1 80
E W o, +1
< 10¢ i £ 00
= = 0
5L J
20
0 0
0 20 40 60 80 100 0 20 40 60 80 100
cycle [%)] cycle [%]
200 50
’ +2
40 H
150 | B
L. | Rtha 1 W
5 & Ve i W
< 100 =,
v +2 20 B
+1
.
0
? 10
0 0
0 20 40 60 80 100 0 20 40 60 80 100
cycle [%)] cycle [%]
25
+2
20
=515} i
e
< 10k B
‘___”\‘-\.‘—W/
5
0 0 +1
0 20 40 60 80 100 0 20 40 60 80 100
cycle [%)] cycle [%]
15 15
+1 +1
10 10
- \.\\/’_’,—\__‘_\ w
3, 2 meer——— T
S 3
5 ’\\W 5 M
0 0
0 20 40 60 80 100 0 20 40 60 80 100
cycle [%)] cycle [%]

Figure 2.8: The evolution over time of joint angles presented as mean + standard
deviation for each configuration (low configuration and middle configuration)).
The joint angles represented in the figure are: «: shoulder flexion-extension; f3:
shoulder abduction-adduction; v: shoulder rotation; §: elbow flexion-extension;
e: pronation and supination; (: wrist flexion-extension; 7: wrist radial-ulnar
deviation; 6: trunk flexion-extension; ¢: trunk lateral bending; k: trunk axial
rotation.
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Figure 2.9: Average values, for each work cycle, of upper arm joint angles for the
two configurations referred to as low configuration and middle configuration. The
mean joint angles represented in the figure are: «a: shoulder flexion-extension; f3:
shoulder abduction-adduction; v: shoulder rotation; §: elbow flexion-extension.
R?: linear determination coefficient. For a correct view of these plots, the readers
are invited to see the image with colors.
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Figure 2.10: Average, for each work cycle, of trunk joint angles for the two con-
figurations referred to as low configuration and middle configuration. The mean
joint angles represented in the figure are: #: trunk flexion-extension; ¢: trunk
lateral bending; s: trunk axial rotation. R?: linear determination coefficient. For
a correct view of these plots, the readers are invited to see the image with colors.
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Temporal profile The inverse kinematic results in terms of mean + standard
deviation, i.e. reconstruction of temporal profiles of human joint angles for the
two configurations, are plotted in Fig 2.8. The plots in Fig 2.8 are in agreement
with the selected task; for example, we can see from the first subplot (regarding
joint angle a, i.e. shoulder flexion-extension) that the angle « increases passing
from the low configuration to the middle configuration, as expected. We can also
see that, during the execution of the task, for each work cycle, the same angle
increases since the drilling of the drill bit inside the wooden beam increases. No-
tice that in these plots we do not include the neck angles (neck flexion-extension,
axial rotation and lateral bending) since their variations for the drilling task are
not relevant (indeed, these angle variations are around 1 degree). These plots
also include the limit values of RULA local score, as these were used in Sec. 2.3.1
to evaluate the ergonomic assessment.

Average values of joint angles The evolution over time of the joint angles
reported in Fig. 2.8 shows a constant trend of the pronation—supination and
wrist angles. For this reason, we have compared only the joint angles of the
upper arm (shoulder flexion—extension and abduction-adduction) and the joint
angles of the lower arm (shoulder rotation and elbow flexion—extension), reported
in Fig. 2.9, and trunk angles (trunk flexion—extension, axial rotation and lateral
bending), reported in Fig. 2.10. In particular, we have represented the number
of combinations, without repetitions, of k objects from n as following: C), , =
#lk), For upper arm and lower arm angles the number of combinations are
equal to 6 (Cy2 = 6, see Fig. 2.9) and for trunk angles the number of combinations
are equal to 3 (Cs1 = 3, see Fig. 2.10). Observing Fig. 2.9 and Fig. 2.10, passing
from low configuration to middle configuration we can notice the following results:

e a significant increase, with a huge effect, of the shoulder flexion—extension
a of 22.42 degrees (p < 0.001; ES = 2.922);

e a significant decrease, with a medium effect, of the shoulder abduction—
adduction 8 of 0.62 degrees (p = 0.0015; ES = 0.223);

e a significant decrease, with a large effect, of the shoulder rotation v of 2.84
degrees (p = 0.011; ES = 0.761);

e asignificant decrease, with a very large effect, of the elbow flexion—extension
d of 10.55 degrees (p = 0.002; ES = 0.971);

e a significant decrease, with a large effect, of the trunk lateral bending ¢ of
2.64 degrees (p = 0.015; ES = 0.733);

e a significant decrease, with a huge effect, of the trunk axial rotation s of
4.09 degrees (p < 0.001; ES = 1.375).
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The decrease of trunk flexion—extension € is not significant (p > 0.05). The
correlation between working heights for the shoulder flexion—extension o and el-
bow flexion—extension ¢ is visible in Fig. 2.9, where the points of low configuration
tend to be positioned at bottom right, instead, the points of middle configuration
tend to be positioned at top left. Moreover, the figure notices a small correlation
between these angles (R? = 0.515). The other angles do not have correlations.
The correlation between working heights for the trunk angles is indeed visible in
Fig. 2.10, where the points of low configuration tend to be positioned at top right;
indeed, the points of middle configuration tend to be positioned at bottom left,
for each considered subject. In summary, we can conclude that the illustrated
results show an increase trend of shoulder flexion—extension angle passing from
low configuration to middle configuration; indeed, the other angles decrease.

2.3.4 Dynamic loads

The effects of loads during the execution of industrial task are taken into consid-
eration through the evaluation of the temporal profiles and the average values of
joint torques, as result of the inverse dynamic computation.

Average values of joint torques The average values of the torques of the
most activated joints for the two configurations and for the four subjects are
illustrated in Fig. 2.11. The figure does not include the trunk axial rotation
torque (7y0) since its variation is very small (less than 0.06 Nm). Moreover, the
decrease of trunk flexion—extension 6 is not statistically significant. The figure
shows that the most loaded joints are trunk lateral bending (79) and shoulder
flexion—extension (77). The first result (regarding 79) is in accordance with the
execution mode of the task since the drilling task is carry out only with dominant
hand. The second result (regarding 71), instead, is due to an increase in the
working height and consequently an increase in the shoulder flexion—extension (a,
see Fig 2.8). Moreover, passing from low configuration to middle configuration,
Fig. 2.11 underlines:

e a significant increase, with a huge effect, of the shoulder flexion—extension
torque 7 of 2.18 Nm (p < 0.001; ES = 1.697);

e asignificant decrease, with a large effect, of the shoulder abduction—adduction
torque 7 of 0.38 Nm (p = 0.017; ES = 0.765);

e a significant decrease, with a huge effect, of the shoulder rotation torque 73
of 0.28 Nm (p < 0.001; ES = 1.311);

e asignificant decrease, with a very large effect, of the elbow flexion-extension
torque 74 of 0.38 Nm (p = 0.009; E'S = 0.842);

e a significant decrease, with a very large effect, of the trunk lateral bending
torques 19 of 0.35 Nm (p = 0.004; ES = 0.950);
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Figure 2.11: Average values of the joint torques for the four subjects (subj. a;
subj. b; subj. ¢ and subj. d) in two different configurations.
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2.3.5 Muscle activities

The biomechanical analysis presented in this paper uses root mean square (RMS)
of normalized muscle activation as metric for muscle activities. The results of the
muscle activations are used to define the most activated muscle in the two different
working height configurations.

RMS of normalized muscle activations The root mean square (RMS) val-
ues of the normalized muscle activations (NMA), for all subjects in the two dif-
ferent configurations, are reported in Fig. 2.12. The decrease and increase of the
extensor carpi radials longus (FC') and medial deltoid (M D) are not statistically
significant. Moreover, the figure shows that the most activated muscles in low
configurations are: anterior deltoid (AD) for subject a; biceps brachii (BB) for
subject b and d; erector spinae at level L3 (L3) for subject c. The most activated
muscles in middle configurations are: anterior deltoid (AD) for subject a, ¢ and
d; upper trapezium (UT') for subject b. As matter of the fact, we can notice:

e a significant increase, with a very large effect, of the anterior deltoid AD
muscle activation of 0.14 (p = 0.005; ES = 0.862);

e a significant increase, with a very large effect, of the upper trapezium UT
muscle activation of 0.14 (p = 0.004; ES = 0.873);

e a significant decrease, with a large effect, of the biceps brachii BB muscle
activation of 0.10 (p = 0.032; E'S = 0.638);

e a significant decrease, with a huge effect, of the long head of the triceps
brachii T'B muscle activation of 0.14 (p < 0.001; £S = 1.635);

e a significant decrease, with a large effect, of the erector spinae muscle acti-
vation at level L3 of 0.09 (p = 0.033; ES = 0.631).

e a significant decrease, with a large effect, of the erector spinae muscle acti-
vation at level T'9 of 0.07 (p = 0.035; E'S = 0.627).

2.4 Discussion

In this section we present an extensive discussion of the results. We compare the
results with respect to standard approaches for ergonomic assessment currently
used in industry and comparing works. Then, we present possible exploitation of
the results from the industrial perspective. Finally, we conclude the section by
presenting the limitations of the work.
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Figure 2.12: Root Mean Square (RMS) of the normalized muscle activation
(NMA) values for the four subjects (subj. a; subj. b; subj. ¢ and subj. d)
in two different configurations.
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2.4.1 Overall discussion of the results

Task performance

The reduction of movement duration in the middle configuration suggests that
this configuration of the workstation increases the productivity of drilling over-
head tasks (see Fig. 2.7). High productivity reduces costs for companies and can
generate well-being among workers due to an average decrease in the workload of
the individual worker.

Kinematic movements

The human joint trajectories are highly affected by the different configurations
of the workstation: indeed, as we can see from the pairwise comparison of joint
angles (Fig. 2.9 and Fig. 2.10), passing from low configuration to middle configu-
ration, the average values of trunk joints (¢ and k), elbow joint (§), shoulder joints
(8 and 7) have a significant decrease while the shoulder flexion—extension angle
(o) has a significant increases. Moreover, the angles of the shoulder and elbow in
the sagittal plane (« and J) and the trunk angles on the three anatomical planes
(0, v and k) have a major correlation on the selected task. In summary, by only
using kinematic metrics we are not able to distinguish which configuration is the
most comfortable from the ergonomic point of view.

Dynamic loads

The analysis of human joint torques (Fig.2.11) underlines that the most loaded
joints in overhead drilling tasks are: shoulder and trunk joints (7, 73 and 79).
There exists a common trend of the torques relative to the shoulder, elbow and
trunk angles. In particular, the increase of shoulder flexion-extension torque ()
and the decrease of elbow flexion—extension (74), trunk flexion—extension and
lateral bending (73 and 79) are due to an increase and decrease of the relative
human joint angles «, 8, 6 and ¢ respectively (see Fig 2.8, Fig. 2.9 and Fig. 2.10).
Again, using only dynamic metrics, we can individuate the most loaded joint
but, it is difficult to discriminate the optimal configuration of the workstation.
Moreover, the same results are obtained by using the most adopted ergonomic
method in industry (i.e. RULA method) and they are also shown in the previous
works presented in the literature (see Sec. 2.3.1).

Muscle activities

There exists a common trend of the muscle activations relative to the shoulder,
elbow and trunk torques. In particular, the increase of anterior deltoid (AD)
and medial deltoid (M D) and the decrease of biceps brachii (BB), long head
of the triceps brachii (T'B), erector spinae at level L3 and T9 (L3 and 79) are
due to increase and decrease of the relative human joint torques 7, 74, 73 and 7
(see Fig.2.11). The normalized muscle activations of upper trapezius (UT') have
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a significant increase passing from the low configuration to the middle configu-
ration. This trend cannot be caused by an increase neck torques since, for the
selected task, they are very small. For this reason, this trend could be caused
by an isometric contraction of the muscle during the execution of the activity.
The same results are also shown in the previous studies present in the literature
(see Sec. 2.4.2). We can conclude that the RMS values of normalized muscle
activations (Fig. 2.12 and Tab. 2.2) indicate that: shoulder/neck body muscles,
arm/hand body muscles and trunk/lower back body muscles are the most ac-
tivated in the low configuration; indeed, in the middle configuration, the most
activated muscles refer only to shoulder/neck body muscles. Thus, from the
muscle activities point of view, the middle configuration seems the best working
configuration for workers. The latter configuration causes the isolation of the
most activated muscles in a single muscle areas, and therefore it is possible to
selectively act in this are to reduce worker muscle activities (see Sec. 2.4.3).

2.4.2 Comparison compering works

The biomechanical analysis considered in this work has been compared with the
RULA ergonomic assessment method and with compering works.

The previous studies presented in the literature to estimate the loads and
muscle activities of the worker during the execution of overhead drilling task
in the same working height configuration highlight the equal difficulties encoun-
tered in this work [19,84]. In particular, the first study [84] shows the effect
of the working heights on shoulder toque and muscle activations. The authors
propose to perform a static two-dimensional analysis to estimate the joint torque
of the shoulder and the EMG analysis of three different muscles (anterior deltoid
AD, biceps brachii BB and long head of the triceps brachii T'B) during the ex-
ecution of the task. The RMS of EMG signal and average values of torque are
used as performance metrics. Passing from lower configuration to higher config-
uration, the results show a significant increase of shoulder torque of 6.04 Nm, a
significant increase of muscle activations of anterior deltoid (AD) of 10.8% and a
significant decrease of biceps brachii (BB) of 21.7%. The trend of results are in
agreement with the results presented in this work, increasing the working height
the shoulder muscles overload; the difference between the values of joint torque
and muscle activations, could be due to the different weight of the drill used for
the experiments. The second study [19], instead, illustrates the effect of work-
ing heights on shoulder muscle activities. The authors propose to perform EMG
analysis of the muscles in the shoulder region. In particular, the EMG signal of
anterior deltoid (AD), medial deltoid (M D) and upper trapezium (UT') muscles
were acquired during a simulated overhead drilling task in different heights and
the performance metric selected is maximum voluntary contraction. The results
presented in this study [19] do not allow to notify a significant effects of working
height on EMG-based muscle activities. The discrepancy between these results
and the results presented in the present work may be due to the different se-
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lected metrics. The metric selected for the present study is RMS of NMA and it
calculates the area under the curve taking into consideration the evolution over
time of the NMA. The metric selected in [19], instead, is the maximum of NMA
and it takes into account only the maximum value of the muscle activation. It
is important to underline that both previous studies focus on the static shoulder
torque and upper arm muscle activities, not considering the effect of height on
the trunk muscle activities which, as shown in this study, decrease passing from
low configuration to middle configuration.

In summary: (i) our study considers a complete biomechanical analysis in-
volving the analysis of joint kinematics and dynamics as well as muscle activities;
(ii) our study includes joint angles, torques and muscles of the whole upper body;
(ii) our results suggest that different working heights have an impact not only on
the joints and muscles of the upper—limb, but also on the joints and muscles of
the trunk.

2.4.3 Possible exploitation of the results

The results of these works can be exploited at different levels, with increasing
complexity. Indeed, the proposed analysis can be used for multiple applications:
(i) biomechanical analysis of existing industrial workstations; (ii) developing syn-
thetic biomechanical indices [85, 86] for user—centered ergonomic evaluation of
industrial tasks [87]; (iii) providing guidelines for the design of novel human-
oriented industrial workstations [88]; (iv) providing guidelines for design of novel
human— and task—oriented assistive devices [40)].

In particular, the results of this study suggest that the middle configuration
reduces the joint angles/torques of the trunk and elbow. However, this con-
figuration implicates an increase of shoulder flexion-extension angle and torque.
This seems a problem, but the important aspect is that in the middle configura-
tion the most activated muscles are concentrated in a specific part of the body
(shoulder/neck body muscles), differently from the low configuration where it is
not possible to find this discrepancy and thus isolate the source of WMSD. This
results is important since it allows to state that, for overhead tasks, the best
configuration is the middle configuration, with the possibility to provide selec-
tive assistance in this anatomical area with wearable robots reducing the risks
associated to the WMSD [47,89).
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Functional requirements of soft
wearable robot

In this chapter the functional requirements of a soft exoskeleton to assist human
workers in performing overhead tasks is derived. These requirements are derived
by analysing the biomechanical behaviour of human workers during the execution
of such tasks in laboratory settings and from state—of-the—art considerations. A
summary of the results obtained through biomechanical analysis are reported in
Sec. 3.1; the requirements of soft wearable robots for industrial overhead tasks,
instead, are reported in Sec. 3.2.

The basic flowchart of the adopted methodology is illustrated in Fig. 3.1,
which underlines the idea of developing user—centered wearable systems from
understanding the human motor control [47]. In particular, the first step is to
select the industrial tasks, i.e. overhead manufacturing tasks, then the functional
requirements, i.e. degrees of freedom of soft wearable robot, range of motion,
torques required to support the human activities and the muscles to be supported,
are defined using biomechanical analysis of the worker during the execution of
the industrial tasks. The materials of the exoskeleton, the anthropometry, the
mass and the contact pressure between robot and user are evaluated studying the
literature. Finally, the functional requirements defined can be used to design soft
exoskeleton for overhead industrial tasks.

3.1 Summary of the biomechanical results

The results of joint angles and torques of drilling, leveraging and cabling tasks
are reported in Tab. 3.1. In particular, the tables shows the results of middle
configuration defined and discussed in Ch. 2; the evolution of the joint angles
and torques are reported in App. B.1. The table and plots report that the most
loaded joints, for all tasks, are shoulder and elbow flexion—extension (7 and 7).
The results of root mean square (RMS) of normalized muscle activations (NMA)
of drilling, leveraging and cabling tasks are reported in Tab. 3.2. Moreover, the
evolution of the NMA for each task are reported in App. B.2. The results show
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Figure 3.1: The proposed biomechanical-based process to derive the functional
requirements of a soft industrial exoskeleton.

that the most activated muscles, for the three selected tasks, are anterior deltoid
(AD) for shoulder muscles and biceps brachii (BB) for elbow muscles.

3.2 Functional requirements

The results of the biomechanical analysis of the workers while performing indus-
trial overhead tasks, illustrated in Sec. 3.1, are used here to derive the functional
requirements of the soft exoskeleton for industrial overhead tasks.

Movements and muscles supported The most activated muscles, as re-
ported in Tab. 3.2, are: anterior deltoid for shoulder movements and biceps
brachii for elbow movements. Therefore, the soft exoskeleton should be able
to support the shoulder and elbow flexion—extension, thus reducing fatigue to
anterior deltoid and biceps brachii.

Kinematics and dynamics The kinematic and dynamic results, reported in
Tab. 3.1, are used to estimate the required forces and lengths of ideal actua-
tors able to support the arm during the task execution. To do this, we use the
kinematic model, reported in Fig. 3.2 and, the equations which link the human
joint angles and torques with actuator lengths and forces as derived in [16]. In
particular, the required shoulder force fyy, is:
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Table 3.1: Mean values 4+ standard deviation of joint angles and torques for the
selected tasks. DT: drilling task; LT: leveraging task; CT: cabling task.

joint angles joint torques
[deg] [N

DT LT CcT DT LT CT
shoulder flexion—extension 54.9 120.4 107.7 9.5 7.54 7.2

(£4.0) | (£2.5) | (£11.5) [ (£0.3) | (£0.5) | (£0.8)
shoulder abduction—adduction | 20.1 10.5 14.9 0.7 0.5 0.4

(£ 1.9) | (£1.2) | (£ 3.5) (£ 0.1) | (£0.1) | (£0.3)
shoulder rotation 7.9 36.2 37.4 1.1 0.8 1.0

(£1.2) | (£47) | (£106) | (£0.1) | (£0.2) | (£0.4)
elbow flexion—extension 89.1 57.0 61.5 2.0 1.32 1.21

(£3.5) | (£3.6) | (£6.3) (£0.1) | (£0.1) | (£0.2)

Table 3.2: Mean values + standard deviation of root mean square (RMS) of the
normalized muscle activation (NMA) for the selected tasks. DT: drilling task;
LT: leveraging task; CT: cabling task.

RMS of NMA [-]
DT LT CT
anterior deltoid | 0.53 (4 0.13) | 0.16 (4 0.01) | 0.14 (& 0.02)
medial deltoid | 0.17 (% 0.04) | 0.09 (£ 0.01) | 0.08 (£ 0.01)
upper trapezium | 0.33 (£ 0.07) | 0.14 (£ 0.01) | 0.12 (£ 0.04)
biceps brachii 0.48 (£ 0.15) | 0.18 (£ 0.01) | 0.13 (£ 0.07)
triceps brachii | 0.13 (£ 0.04) | 0.10 (& 0.04) | 0.11 (£ 0.02)
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Figure 3.2: Kinematic model with two DoF', shoulder and elbow movement in the
sagittal plane, of the human arm.

_ _Jen
fsh - sin(¢sh) (31)

where ¢, is the angle between the shoulder force f, and its tangential force
. and it is:

4 lya cos(@) + 13, T
o = tan™?! - = 3.2
Psn = tan lua sin(a) — I3, ta 2 (3:2)
The normal shoulder force f7 is:
R—" (3.3)

sh —
lua - ll
where 71 is the shoulder flexion—extension torque reported in Tab. 3.1. The

definition of [, and [; are reported in Tab. 3.3.
The lengths of the shoulder actuator [y, is:

lSh = l.zha: + lghy (34)
where:
Lshe = l3y — (lya — 11) sin(a) — bcos(a) (3.5)
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Table 3.3: Anthropometric data and measures for the involved subjects in the
experiments, as obtained by using the model in [16]

Variable | Description Length
]

lua length of upper arm 366

ltq length of forearm 460

Iy distance from the elbow joint to anchor point of upper arm 98.82
(lh, =0.27144)

lo distance from the elbow joint to anchor point of forearm 96.6
(Io = 0.211y,)

l3z, 13y origin position at the shoulder joint 100

b distance between anchor point and the center of the upper arm | 80

lshy = —l3z — (lug — 11) cos(av) + bsin(a) (3.6)

« is shoulder flexion—extension reported in Tab. 3.1; the definition of I3, l,q,
l; and b are reported in Tab. 3.3.
For elbow joint the same approach is followed. In particular, the required
elbow force f,; is:

n

el
el — 3.7
e sin(¢pe;) (37)
where ¢, is the angle between the elbow force f.; and its tangential force f
and it is:
s
Qbel = E -9 (38)
The normal elbow force f] is:
n T4
el — l_ (39)
2
where 74 is the elbow flexion—extension torque reported in Tab. 3.1. The
definition of [y is reported in Tab. 3.3.
The lengths of the elbow actuator [, is:
la = /B + 1 — 211y cos(5) (3.10)

0 is elbow flexion—extension reported in Tab. 3.1; the definition of [y and s

are reported in Tab. 3.3.

An example of the evolution of the joint angles, torques, required lengths and
forces are shown in Fig. 3.3. The results for the most critical conditions are re-
ported in the following: (i) for the shoulder, the maximum length occurs when the
shoulder flexion—extension angle is equal to 0 degree (lspmaz(e@ = 0)=350 mm),
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Figure 3.3: Evolution of the joint angles, torques, required lengths and forces for
drilling overhead tasks. « and 7y: shoulder flexion—extension angle and torque; ¢
and 75: elbow flexion—extension angle and torque; Iy, and l.: shoulder and elbow
required lengths; fg, and f.: shoulder and elbow required forces.

the minimum length occurs when the shoulder flexion—extension angle is equal
to the maximum range of motion reported in Tab. 3.1 ({5 min (o = 120.4)=185.8
mm), the maximum force occurs when the shoulder flexion—extension torque is
equal to the maximum joint torque reported in Tab. 3.1 (fspmaz(m1 = 9.5)=75.0
N); (ii) following the same approach for the elbow, we obtain l¢ .. (0 = 0)=197.21
mm, legmin(0 = 89.1)=152.6 mm, femaex(7a = 2.0)=20.05 N. Two ideal soft ac-
tuators (one for the shoulder and one for the elbow) should ensure the lengths
and forces illustrated above to fully support the shoulder and elbow joints while
performing industrial overhead tasks.

Anthropometry In order to realize a custom solution tailored for each worker,
the exoskeleton suit should be designed on the external morphology of the worker.
Furthermore, the parameters in Tab. 3.3 should be derived from real measaure-
ments taken on the worker’s body, in particular for the anchor points for the
actuators, whose position is decisive for the overall comfort of the worker and for
obtaining the maximum force trasmission between actuators and human joints.
To develop custom and tailor made solutions, suitable 3D body scanners able
to reconstruct the 3D body model and to extrapolate selective anthropometric
characteristics should be used, as the INBODY — Instant Body Scan™ [41] from
BeyondShape. An example of a custom and tailor made design of soft exoskeleton,
developed on the real 3D body anatomy, is reported in Fig. 3.1.

In the following, indications from the literature are used to define the mass,
materials and contact pressure of the soft wearable robot.
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Mass and materials The current rigid exoskeletons used in industry define
the mass limit, which is equal to 3.5 kg [23]. Soft systems are expected to weigh
less, for instance pneumatic actuators are very light and the weight of the worn
system can be estimated equal to 214 g [18]. The materials must be skin contact
and stiff in order to guarantee the transfer of the forces due to the contraction of
the actuator entirely to the arm. To do that, the exosuit composed by neoprene
material, with thickness > 1 mm (up to a maximum of 1.5 mm), can be an
appropriate solution. Moreover, the anchor point can be reinforced using flexible
plate as proposed in [90].

Contact pressure The limit of the contact pressure, defined as the pressure
between the actuator and skin, is defined in such a way that it will not affect
blood circulation. The literature sets the threshold value of the contact pressure
to be equal to 10 kPa [91].
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Concept design of the two soft
wearable robots

In the present chapter, the proposed soft suit of wearable robots is illustrated
in Sec. 4.1 and the two concepts of the soft wearable robots are presented. In
particular, the concepts use different actuation method: (i) soft exoskeletons
using tendon—driven system, see Sec. 4.2; (ii) soft exoskeletons using pneumatic
actuators, see Sec. 4.3. The proposed concept of the soft suit and tendon—driven
soft wearable robot are an Italian patent pending technology [28].

In particular, the tendon—drive exoskeleton implements a single electric motor
(under—actuated system) to support the shoulder and elbow flexion. Usually, in
tendon—driven exoskeleton, the actuation source is worn by the user and for this
reason the weight of the system is very important. In the present concept an
under—actuation system is proposed in order to reduce the weight worn by the
user during the execution of the tasks. The pneumatic exoskeleton, instead, uses
McKibben artificial muscles (or pneumatic artificial muscles, PAM) to generate
the forces to support the shoulder and elbow flexion movements.

4.1 Soft suit

The soft suit allows to correctly place the anchor points of the actuators and /
or transmission systems.

The main components of the suit are reported in Fig. 4.1; they are: shoulder
brace (t1), two arm braces (t2) and (t3); wrist brace (t4), bands (n) and elastic
band (n2). The material of the braces (t1, t2, t3 and t4) is Neoprene, since it
allows to adapt to the shapes of the human body and, at the same time, allows
an adequate stiffness to transfer the forces from the robotic system (exoskeleton)
to the anatomical joints.

The soft suit worn by the user is shown in Fig. 4.2. The proposed soft suit
can be worn by the user alone without the help of another person and can be
worn in less than 2 minutes.
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t3
‘ |

Figure 4.1: Main components of soft suit: shoulder brace (t1), two arm braces
(t2) and (t3); wrist brace (t4), bands (n) and elastic band (n2)

front view rear view
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Figure 4.2: Soft suit of the soft wearable robot worn by the user. Shoulder brace
(t1), two arm braces (t2) and (t3); wrist brace (t4), bands (n) and elastic band
(12)
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In particular, the shoulder brace (t1) is positioned on the shoulder with clo-
sure around the chest; the band of the shoulder brace has a Velcro closure, this
solution allows to adapt the brace for the different types of subjects with different
anthropometric characteristics. The two arm braces (t2 and t3) are positioned
one on the biceps (t2) and one on the forearm (t3), respectively. They also have
a Velcro closure, for the same reasons mentioned above. Finally, the wrist brace
(t4) is positioned on the wrist, its conformation allows to wrap the thumb both
on the palm of the hand and on the upper part.

The anchor points of the cables or actuators are positioned on the shoul-
der brace (t1) and on the arm braces (t2 and t3). During the operation of the
exoskeleton the cables or the actuators tend to slide the anchor points and con-
sequently the arm braces (t2 and t3) both upwards and downwards. To avoid
these problems Nylon bands are used (nl, n2, n3 and n4, see Fig. 4.2). In par-
ticular, two bands (n3 and n4) are sewn between forearm brace (t3) and wrist
brace (t4), these bands prevent the forearm brace (t3) from sliding upwards. A
plastic buckle is inserted for each band (n3 and n4), in this way the bands can
be adjusted according to the anthropometric characteristics of the subject.

The same Nylon band (nl) is sewn between shoulder brace (t1) and biceps
brace (t2). In this case, the direct connection, as proposed previously, was not
possible to implement it since, during the flexion of the shoulder, the stitching
point on the shoulder brace (t1) and the stitching point on the biceps brace (t2)
approach and the Nylon bands do not remain in tension. To avoid this problem,
the Nylon band (nl) follows the behaviour of the anatomical shoulder joint. In
particular, the Nylon band (nl) has a first stitch on the biceps brace (t2 - front
view), then the band (nl) passes inside two rings (al and a2) positioned on the
shoulder brace (t1) and ends closing with a plastic buckle on the sewn onto the
biceps brace (t2 - rear view). The proposed solution allows to follow the flexion
and extension movement of the shoulder and the Nylon band (nl) is always under
tension.

Finally, an elastic band (n2) is sewn between biceps brace (t2) and forearm
brace (t3). Also in this case, the direct connection, as proposed for forearm brace
(t2) and wrist brace (t3) is not possible for the same reason illustrated above. To
avoid this problem, an elastic band (n2) is used which is sewn on the biceps brace
(t2) and by wrapping the anatomical joint of the elbow it is fixed to the forearm
brace (t3) using a Velcro solution. In particular, the Velctro allows to adapt this
solution to the different anthropometric characteristics of the subjects.

4.2 Concept 1: Tendon—driven wearable robot

The concept of the tendon—driven wearable robot is designed as an exoskeleton
which allows to assist the upper—limb movement during the execution of manufac-
turing tasks, i.e. overhead industrial tasks. Moreover, the exoskeleton is defined
under—actuated since it allows to assist two degrees of freedom, i.e. shoulder and
elbow flexion, using a single electric motor.
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Figure 4.3: CAD model of tendon—driven exoskeleton under—actuated for assisting
shoulder and elbow flexion.

A CAD (computer aided design) example of the concept is reported in Fig. 4.3.
In particular, the figure reports a full body model of the human shape acquired
and reconstructed using INBODY — Instant Body Scan™ [41] from BeyondShape;
the human model was used to design the tendon—driven exoskeleton on the human
shape through surface modelling using Solidworks software .

Section 4.2.1 illustrates the transmission system of the exoskeleton, i.e. po-
sitions of the anchor points and cable paths; Sec. 4.2.2 describes the under—
actuation system; Sec 4.2.3 presents the theoretical operating principle of the
cable-driven exoskeleton.

4.2.1 Transmission system

The transmission system of the forces is made up of cables (or tendons), i.e.
Bowden cables. In particular, two Bowden cables are used to transmit the forces
from exoskeleton to user; one cable to assist the shoulder flexion and one cable
to assist the elbow flexion. Moreover, the cable paths are defined following the
concept introduced in [13] and defined as tension line. The concept of tension line
is linked to bio—design techniques, techniques where the design of the systems, i.e.
wearable robots (or exoskeletons), is inspired by nature. The tension lines are
lines which link the starting and ending point of the joints affected by the muscle.
In this way, the cables (or tendons) work in parallel with the human muscles in
order to assist and reduce the muscle activations of the user during the execution
of industrial tasks. For the industrial overhead tasks, the exoskeleton should
assists the shoulder and elbow flexion and the most activated muscles for these
movements are anterior deltoid and biceps brachii, as obtained in Sec. 3.2. To
do that, the cables follow the tension lines of the anterior deltoid to support

"https://www.solidworks.com/
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the shoulder flexion and biceps brachii to support the elbow flexion. Finally, the
cables are fixed on the human body using anchor points; two anchor points for the
cable which assists the shoulder movement (shoulder cable) and two anchor points
for the cable which assists the elbow movement (elbow cable). In particular, the
anchor points for shoulder cable are positioned on the chest and biceps; the
anchor points for elbow cable, instead, are positioned on the chest and forearm
as illustrated in Fig. 4.3.

4.2.2 Actuation system

The actuation system and gears is illustrated in Fig. 4.4, the figure does not
include the case of the actuation system to facilitate the view of all the compo-
nents. The actuation systems is composed by the following components: absolute
encoder (a); electric motor (b); planetary reducer (c); a transmission shaft de-
fined as principal transmission shaft (d) in which two principal gear wheels are
positioned, defined respectively: principal gear wheel for assisting the shoulder
flexion (f) and principal gear wheel for assisting elbow flexion (e).

Moreover, the principal gear wheel (f) is connected in parallel to another gear
wheel defined secondary for assisting the shoulder flexion (i). The secondary gear
wheel (i) is keyed onto a secondary transmission shaft (1), defined as secondary
transmission shaft for shoulder assistance, in which there is a coil (m) which allows
the cable (or tendon) to be wound during the movement of shoulder flexion. The
principal gear wheel (f) and secondary gear wheel (i) for shoulder assistance
have a transmission ration < 1, this allows to multiply the torque generated by
the electric motor (b) and supply the required torques to the shoulder, more
details are illustrated in Sec. 5.1.1. This transmission ration is necessary since
the shoulder flexion (1) requires more torque than elbow flexion (74), see Sec. 3.1.

In the same way, the principal gear wheel (e) is connected in parallel to another
gear wheel defined secondary for assisting the elbow flexion (n). The secondary
gear wheel (n) is keyed onto a secondary transmission shaft (o), defined as sec-
ondary transmission shaft for elbow assistance, in which there is a coil (p) which
allows the cable (or tendon) to be wound during the movement of elbow flexion.
The principal gear wheel (e) and secondary gear wheel (n) for elbow assistance
have a 1:1 transmission ration, this allows to ideally transfer the entire torque
generated by the electric motor (b).

The two principal gear wheels (f) and (e) have three different operating con-
figurations: (1) simultaneous rotation of the gear wheels for shoulder and elbow
assistance; (2) rotation of the single gear wheel for shoulder assistance; (3) ro-
tation of the single gear wheel for elbow assistance. The transition from one
operating configuration to another is guaranteed by the use of a mechanical pin
(g) free to slide on a shaft slot; the mechanical pin (g) has a length equal to the
distance between the two main gear wheels (e) and (f) plus their thickness. In
particular, the pin can have three different positions defined in Fig. 4.4 as:

e position 0: the mechanical pin (g) is located in the center of both principal
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Figure 4.4: Actuation system of the tendon—driven exoskeleton. The main com-
ponents of the wearable robot are: absolute encoder (a); electric motor (b); plan-
etary reducer (c); principal transmission shaft (d); two principal gear wheels (f)

and (e), solenoid (h); mechanical pin (g); two secondary transmission shafts (o)
and (1), two secondary gear wheels (i) and (n); two coils (m) and (p).
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gear wheels (e) and (f), in this way both gear wheels (e) and (f) mesh with
the rotation of the principal transmission shaft (d) and transfer the motion
to the two secondary gear wheels to assist the shoulder (i) and elbow (n).
In the configuration defined as position 0, the exoskeleton is able to support
both shoulder and elbow flexion.

e position +1: the mechanical pin (g) is displaced beyond the principal gear
wheel (f), in this case only the gear (f) is capable of meshing with the
rotation of the principal transmission shaft (d) and therefore the rotation
motion of the principal transmission shaft (d) is transferred only to the sec-
ondary gear wheel for shoulder assistance (i). In the configuration defined
as position +1, the exoskeleton is able to support only the shoulder flexion.

e position -1: the mechanical pin (g) is displaced beyond the principal gear
wheel (e), in this case only the gear (e) is capable of meshing with the
rotation of the principal transmission shaft (d) and therefore the rotation
motion of the principal transmission shaft (d) is transferred only to the
secondary gear wheel for elbow assistance (n). In the configuration defined
as position -1, the exoskeleton is able to support only the elbow flexion.

The system described above needs to automatically move the mechanical pin
(g); to do that an electromagnetic solution was chosen using a solenoid (h).
The electromagnetic solution allows to generate a magnetic filed, with a certain
module, by passing current through the solenoid. In this case, the magnetic filed
allows to translate the mechanical pin (g), ferromagnetic component, beyond
the principal gear wheel (f) or beyond the principal gear wheel (e). In the first
case, the system is in the configuration defined as position +1; in the second
case, instead, the system is in the configuration defined as position -1. More in
detail, a power source allows the current to circulate inside the solenoid generating
the translation of the mechanical pin (g) in one direction; the polarity inverter,
instead, allows to invert the polarity of the system by making the mechanical pin
(g) translate in the opposite direction compared to the previous one.

4.2.3 Working principle

The exoskeleton illustrated in Fig. 4.3 is composed by: (i) soft suit which allows to
positioned the anchor points and actuation systems, it is described in detailed in
Sec. 4.1; (ii) transmission system composed by two Bowden cables and four anchor
points; two anchor points for shoulder cable placed in parallel to tension line of
anterior deltoid and two anchor points for elbow cable placed in parallel to tension
line of biceps brachii, see Sec. 4.2.1; (iii) actuation system placed on the upper
part of the back of the subject which also includes a battery and a controller,
Sec. 4.2.2; (iv) finally, the exoskeleton includes three inertial measurement units
(IMU), they are not reported in Fig. 4.3, which allow to monitor the human
activities, i.e. human joint angles. In particular, one IMU is placed on the chest
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of the subject, one IMU is placed on the biceps and one IMU is placed on the
forearm.

The actuation and gear system allows to provide assistance to the shoulder
and the elbow in a combined and/or separate way. In particular, three different
assistance modes are illustrated:

e assistance for simultaneous shoulder and elbow flexion: when the IMU sen-
sors register an increasing flexion angle of the shoulder and elbow, the elec-
tric motor (b) generates a torque proportional to the torque required for
the elbow flexion (74). Then the torque of the electric motor (b) is tripled
on the secondary transmission shaft (1) for shoulder assistance through the
gear ratio between the gear wheels (f) and (i) of 3:1, while the torque on
the secondary transmission shaft (o) for elbow assistance is proportional to
torque generated by the eletric motor (b) since the gear ratio between the
gear wheels (e) and (n) is 1:1. In this case, the mechanical pin (g) is be-
tween the gear wheels (f) and (e), see position 0 in Fig 4.4 and, no current
flows inside the solenoid (h).

e assistance for shoulder flexion: when the IMU sensors register an increasing
flexion angle of the shoulder, the electric motor (b) generate a torque equal
to about 1/3 of the torque required for shoulder flexion (7). The torque
delivered is then tripled on the secondary shaft to assist the shoulder (1)
through the gear ratio between the gear wheels (f) and (i) of 3:1. At the
same time, the controller sends current to the solenoid (h) allowing to gen-
erate an electromagnetic force capable of translating the mechanical pin (g)
beyond the primary gear wheel (f) (defined as position +1, see Fig 4.4). In
this way, the rotation of the principal transmission shaft (d) is transferred
to the secondary transmission shaft (1) for assisting the shoulder flexion.

e assistance for elbow flexion: when the IMU sensors register an increasing
flexion angle of the elbow, the electric motor (b) generate a torque propor-
tional to the torque required for elbow flexion (74). The torque delivered is
transferred on the secondary shaft to assist the elbow (o) through the gear
ratio between the gear wheels (e) and (n) of 1:1. At the same time, the
controller sends current to the solenoid (h) that using the polarity inverter
allowing to generate an electromagnetic force capable of translating the me-
chanical pin (g) beyond the primary gear wheel (e) (defined as position -1,
see Fig 4.4). In this way, the rotation of the principal transmission shaft
(d) is transferred to the secondary transmission shaft (o) for assisting the
shoulder flexion.

4.3 Concept 2: Pneumatic wearable robot

The concept of the pneumatic wearable robot is designed as an exoskeleton which
allows to assist the upper—limb movement during the execution of manufacturing
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Figure 4.5: CAD model of pneumatic exoskeleton for assisting shoulder and elbow
flexion.

tasks, i.e. overhead industrial tasks. The exoskeletons implements pneumatic
artificial muscles to support the shoulder and elbow flexion. The PAM are usually
use since their behaviour is similar to behaviour of human muscle.

A CAD (computer aided design) example of the concept is reported in Fig. 4.5.
In particular, the figure reports a full body model of the human shape acquired
and reconstructed using INBODY - Instant Body Scan™ [41] from BeyondShape;
the human model was used to design the pneumatic exoskeleton on the human
shape through surface modelling using Solidworks software 2.

Section 4.3.1 illustrates the transmission and actuators implemented, i.e. po-
sitions of the anchor points and PAM; Sec. 4.3.2 describes the control board unit;
Sec 4.3.3 presents the theoretical operating principle of the pneumatic exoskele-
ton.

4.3.1 Transmission system and actuators

The forces are generated using McKibben artificial muscles (or pneumatic artifi-
cial muscles, PAM). The muscles consist of an inflatable inner tube/bladder inside
a braided mesh, clamped at the ends. When the inner bladder is pressurized and
expands, the geometry of the mesh acts like a scissor linkage and translates this
radial expansion into linear contraction and their behaviour is similar to human
muscles. The PAM could work in parallel with the human muscles in order to
support the most activated muscles during the execution of manufacturing tasks.
For the industrial overhead tasks, the most activated muscles are anterior deltoid
and biceps brachii, as obtained in Sec. 3.2, in order to reduce the shoulder and
elbow flexion torques. In the present concept, two PAM are implemented to sup-
port the shoulder flexion and two PAM are used to support the elbow flexion, see

’https://www.solidworks.com/
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Figure 4.6: Architecture of pneumatic control board.

Fig. 4.5. The path of the actuators for shoulder assist is similar to the concept
introduced for tendon—driven wearable robot and defined tension lines and, in
the same way the anchor points are on the upper back and on upper arm. The
path of the actuators for elbow assist, instead, is not follow the concept of tension
lines since it was preferred to optimize the contraction ratio of the actuators by
creating a solution in which the two actuators are in an x-shaped configuration.
In this case, the anchor points of the actuators are on the upper arm and forearm.

4.3.2 Control board system

The control board system allows to actuate and control the pneumatic wear-
able robot, the proposed architecture is illustrated in Fig. 4.6. The architecture
includes one pressure regulator, solenoid valve and pressure sensor for each McK-
ibben muscles; the pneumatic wearable robot includes four artificial muscles, two
for shoulder assist and two for elbow assist as indicated in Sec. 4.3.1. Overall the
control board is composed by: (i) one controller; (ii) four pressure regulators, (iii)
four solenoid valves; (iv) four pressure sensor; (v) air compressor. The pressure
regulator allows to control the pressure of the fluid and allows to send the fluid at
the desired pressure to the solenoid valves, it is an electromechanically operated
valve; finally, the pressure sensor allows to estimate the flow loss in the circuit.

4.3.3 Working principle

The pneumatic wearable robot illustrated in Fig. 4.5 is composed by: (i) soft suit
illustrated in Sec. 4.1; (ii) four McKibben artificial muscles as actuators in order to
assist the shoulder and elbow flexion during the execution of industrial overhead
tasks, see Sec. 4.3.1; (iii) fluid control board which allows to actuate and control
the four McKibben actuators, see Sec.4.3.2; (iv) finally, the exoskeleton includes
three inertial measurement units (IMU), they are not reported in 4.5, which
allow to monitor the human activities, i.e. human joint angles. In particular, one
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IMU is placed on the chest of the subject, one IMU is placed on the biceps and
one IMU is placed on the forearm.

The pneumatic control board and PAM allow to provide assistance to the
shoulder and the elbow movements. In particular, three different assistance modes
are illustrated:

e assistance for simultaneous shoulder and elbow flexion: when the IMU sen-
sors register an increasing flexion angle of the shoulder and elbow, the
control board generates: (i) a pressure proportional to the torque required
for the shoulder flexion (71) for the two McKibben muscles which support
shoulder assist; (ii) a pressure proportional to the torque required for the
elbow flexion (74) for the two McKibben muscles which support elbow assist.

e assistance for shoulder flexion: when the IMU sensors register an increasing
flexion angle of the shoulder, the control board: (i) generates a pressure
proportional to the torque required for the shoulder flexion (1) for the two
McKibben muscles which support shoulder assist; (ii) closes the solenoid
valves which provide fluid to the McKibben actuators for elbow assist.

e assistance for elbow flexion: when the IMU sensors register an increasing
flexion angle of elbow, the control board: (i) closes the solenoid valves which
provide fluid to the McKibben actuators for shoulder assist; (ii) generates
a pressure proportional to the torque required for the elbow flexion (74) for
the two McKibben muscles which support elbow assist.

4.4 Contributions of the proposed soft wearable
robots

This section presents a brief summary and discussion of the most important
contributions of the proposed concepts.

Soft suit The soft suit, presented in Sec. 4.1, allows to place the anchor points
of the transmission and actuation systems in order to correctly transfer the forces
from robot (or exoskeleton) to user. In particular, the innovativeness of the suit
is to ensure the correct positioning of the anchor points during the operation
of the exoskeleton, using braces connected with bands which follow the course
of the anatomical joint of the shoulder and elbow braces, without the use of
rigid components [28], i.e. rigid braces or rigid links, as proposed in previous
works [6, 16].

Tendon—driven wearable robot The tendon-driven wearable robot, pre-
sented in Sec. 4.2, is an under—actuated system since allows to support two
degrees of freedom, i.e. should and elbow flexion, using a single electric mo-
tor. The implementation of under—actuated system allows to reduce the weight
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of the exoskeleton worn by the user and also allows to support the two DOF, i.e.
shoulder and elbow flexion, independently or combined [28]. The implementa-
tion in an independent or combined way of DOF represents the innovativeness of
the system since the current soft exoskeletons under—actuated presented in the
literature actuate several DOF but not independently of each other [16].

Pneumatic wearable robot The pneumatic wearable robot, presented in
Sec. 4.3, uses four McKibben artificial muscles, two artificial muscles to support
the shoulder flexion and two artificial muscles to support the elbow flexion, to as-
sist the worker during the execution of industrial overhead tasks. The pneumatic
exoskeleton, differently from the tendon—driven exoskeleton, uses an actuation
source, i.e. compressed air, already available in factory environments and for this
reason the actuation source and the control system may not be worn by the user.
This allows to reduce the overall weight worn by the worker.
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Technological insights in concept
development

In this chapter dimensional and geometric characteristics of soft wearable robots,
presented in Ch. 4, are defined. In particular, the characteristics of the electric
motor and gear systems of tendon—driven wearable robot are presented in Sec. 5.1;
the geometric characteristics of the McKibben artificial muscles of pneumatic
wearable robot, instead, are defined in Sec. 5.2.

5.1 Tendon—driven wearable robot

The aim of present section is to define the characteristics of the motor, i.e. electric
motor, and of the gear system in order to support the shoulder and elbow flexion,
see Sec. 5.1.1. Finally, the electronic components of the actuation system are
reported in Sec. 5.1.2.

5.1.1 Modeling of transmission and actuation systems

The tendon—driven wearable robot, presented in Sec. 4.2.2, is defined as under—
actuated system since it uses a single electric motor to support two DoF, i.e.
shoulder and elbow flexion. In particular, the actuation source is composed by
a gear system which allows to transfer the correct torques to the two secondary
transmission shafts to support the shoulder flexion and elbow flexion. The sec-
ondary transmission shaft for elbow movement, indicated with (o) in Fig. 4.4,
transmits the torque generated by the electric motor since the gear wheels, de-
noted with (e) and (n) in Fig. 4.4, have the same transmission ratio. The sec-
ondary transmission shaft for shoulder movements, defined as (1) in Fig. 4.4, mul-
tiply the torque generated by the electric motor since the gear wheels, denoted
with (f) and (i) in Fig. 4.4, have a transmission ratio less than 1.

The present section illustrates the procedure to calculate the torque and power
required by the electric motor and the procedure to calculate the transmission
ratio between gear wheels. To do that, the section is dived in: (i) definition of
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the torque and power of the electric motor based on force required by the elbow
cable; (ii) definition of the transmission ration between gear wheels, defined as
(f) and (i) in Fig. 4.4, to multiply the torque generated by the motor in order to
support the shoulder movements.

The first step, as indicated above, is to define the required power by the
electric motor in order to support the elbow flexion torque. To do that, the
tendon—driven transmission model presented in [20] is used to model the friction
phenomena. The model imposes two assumptions:

e the model assumes that the greatest losses due to the friction effect occur
between the inner cable and the outer sheet;

e the model also assumes that friction losses can be modeled as the sliding of
a cable on a fixed cylinder.

After these assumptions, the force transmission efficiency can be written as:

J;ffdeall — o HfPact (51)

where:

o 1y friction coefficient between the cable and outer sheet, the static friction
coeflicient of the teflon-steel is equal to 0.4 (py = 0.4) as indicated in [20];

e ¢, total wrap angle of the outer sheath of the Bowden cable, the actuator
is carried out in a backpack and the total wrap angle is equal to 7 (¢eer = 7);

® figea: cable force before transmission;
o f.cq: cable force after transmission.

For the elbow joint the Eq. 5.1 becomes:

flfel l — e MfPact (52)

where the f,; is the ideal force required by the elbow cable defined and cal-
culated in Sec. 3.2. Finally, combining the Eq. 3.7 and Eq. 5.2 the force of the
elbow cable after the transmission fe . can be written as following:

S
losin(§ —6)

Finally, the torque required by the electric motor 7., can be calculated using
the principle of conversion of energy:

fel,real = /eiufd)a‘:t (53)

_ Ohg
Tem - 86

(5)fel,real (54>
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Figure 5.1: Elbow model in the sagittal plane [20]

where hf(0) is the extension function evaluated as the projection of the joint
angle to a corresponding displacement of the tendons. Using the model proposed
in [20] and the Fig. 5.1, the extension functional is equal to:

/ 1)
hel(é) =2 b2 —+ l% COS(¢61 + 5) — hel,() (55)
where:

e [y: distance from the elbow joint to anchor point of forearm;

e b: half width of the arm;

Ger = arctn(b/ly);

0: elbow flexion angles;

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

Finally, using the Eq. 5.4 and Eq. 5.5, the 7., is:

Tem = [—\ / b2 + l% Siﬂ((ﬁd) + g] fel,real (56)

The results, in terms of force, torque and power of the tendon—driven system
are reported in Fig. 5.2. In particular, the figure reports: cable force for elbow
joint before transmission f,; defined in Sec. 3.2; cable force for elbow joint after
transmission fe e €valuated using Eq. 5.3; the torque which must generate the
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Figure 5.2: Forces, torque and power required by the electric motor to support
the elbow flexion. f¢: cable force before transmission; fe,.q cable force after

transmission; 7., torque required by the electric motor; power the power required
by the electric motor.

electric motor to assist the elbow flexion 7., evaluated using the Eq. 5.6; the
motor power of the electric motor.

The second step, as indicated above, is to define the transmission ration of
the gear wheels to multiply the torque generated by the electric motor in order
to support the shoulder flexion. The gear system is a multiplier system since the
shoulder flexion torque 77 is bigger than the elbow flexion torque 7.

The transmission ration can be defined as following;:

2_n (5.7)
w1 T2

where:

e wi: angular velocity of the driving wheel indicated with (f) in Fig. 4.4;
e wy: angular velocity of the driven wheel indicated with (i) in Fig. 4.4;

e 7;: radius of the pitch circumference of the driving wheel indicated with (f)
in Fig. 4.4;

e 15: radius of the pitch circumference of the driven wheel indicated with (i)
in Fig. 4.4.

The torque of the driving wheel M; is:
M1 = E T (58)
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the toque of the driven wheel Ms, instead, is:

M2 = E T2 (59)

where the F} is the is the tangential force exchanged between the two gear
wheels. In the same way, the Eq. 5.8 and Eq. 5.9 can be written:
T2 M,

2 5.10
T (5.10)

Setting the maximum values of the shoulder and elbow torques defined in
Sec. 3.2 (M} = Tymaz = 2 Nm, My = T4 jae = 9.5 Nm), it is possible to calculate

the transmission ratio between the gear wheels using Eq. 5.7 and, it is equal to
0.21 (ry/ry = 0.21).

5.1.2 Choice of the components

The tendon—driven actuation system is reported in Fig. 4.3. In particular, it in-
cludes: absolute encoder (a); electric motor (b); planetary reducer (c); principal
transmission shaft (d); two principal gear wheels (f) and (e), solenoid (h); me-
chanical pin (g); two secondary transmission shafts (o) and (1), two secondary
gear wheels (i) and (n); two coils (m) and (p). The electric motor (b) could
be a brushless electric motor which guarantees the torques and powers defined
in Sec. 5.1.1, i.e. Maxon, EC-i 40, 50 W !. The absolute encoder (a) could be
an incremental encoder, i.e. Scancon, 2RMHF, 5000, pulses/rev 2. The gear
wheels, instead, could be chosen using the standard tables so as to guarantee the
transmission ration defined in Sec. 5.1.1. Finally, the FlexSEA 3 could be the
controller to use to control the wearable robot.

5.2 Pneumatic wearable robot

In this section, the McKibben muscle model is proposed to define the geometric
characteristics of the actuators. In particular, McKibben artificial muscle model
is presented in Sec. 5.2.1 and then, it is used to define the diameter, thickness of
latex tube of soft actuators and the operating pressure of the actuators in order to
exert the desired forces defined in Sec. 3.2. Moreover, electronic and pneumatic
components of pneumatic control board are illustrated in Sec. 5.2.3.

5.2.1 Modeling of McKibben artificial muscle

The invention of McKibben artificial muscles is generally attributed to Richard H
Gaylord (1958) then Joseph L McKibben (1960) introduced their use in orthotic

"https://www.maxongroup.com/
’https://www.scancon.dk/
Shttps://flexsea.media.mit.edu///
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applications [21]. The modeling of the McKibben muscle is proposed for the first
time in [92], then different approaches have been presented in order to obtain
simulation results as close to reality as possible [21]. In this section, a static model
of McKibben artificial muscle, reported in [21], is followed to define the geometric
and working characteristics of McKibben artificial muscles, i.e. diameter and
thickness of latex tube and pressure.

Static model of McKibben artificial muscle

The geometric and working characteristics of the McKibben artificial muscle are
evaluated using the model presented in [21]. To do that, the model applies:
(i) a simple virtual work analysis of an ideal cylindrical muscle; (ii) studies the
actuator as an ideal cylinder (ideal McKibben muscle); (iii) finally, studies the
actuator as a rubber inner tube (real McKibben muscle).

Ideal cylindrical muscle As a first approximation, the McKibben artificial
muscle is defined as a cylinder. The ideal cylinder, when pressurized, reduces
its length [ and increases its radius according to a predefined positive function

f(epanr), such as:

’
—_— = f(EpAM) (511)
To
lp — 1
epans = — (5.12)
lo

where:

e 1y and r = initial and final muscle radius;

e cpay = contraction ratio of artificial muscle;
e [y and [ = initial and final muscle length.

The muscle contraction force F(epayp) can be calculated applying a simple
virtual work analysis. In particular, assuming that the cylindrical artificial muscle
is fixed at one side and that its free side is put in equilibrium by the positive force
F' as reported in Fig. 5.3, the virtual work theorem can be written as:

2l Pér + nr? Pol + F6l = 0 (5.13)
and

Sr = —(%) Flepan)dl (5.14)

From the Eq. 5.11 and 5.12, F'(e) is equal to:

Flepan) = (7r3)P[2(1 — epant) f(epant) f(epant) — f2(€pant)] (5.15)
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Figure 5.3: Virtual work theorem applied to ideal cylindrical artificial muscle [21].

F(epan) can be also write as:

1 dV
F = 1
(GPAM) lo depant (5 6)
or
d
F(l) = _%P (5.17)

where V' = mr?l = 7rélo[(1 — epanr) f?] is the muscle volume.

Ideal McKibben muscle The assumptions underlying ideal McKibben muscle
are:

e the model considers a planar network of jointed identical pantographs, see
Fig. 5.4. Tt is composed by m columns and n rows. The envelope created
is a rectangle; its initial length is [y, its initial width is Ly and, the angle of
each pantograph is defined as apanro. When pressurized the angle apans
increases (apanmo < apan), the width L increases (Ly < L) and the length
decreases (lp > ).

e The model assumes that the cylinder has an initial radius rq, that is Ly =
27ry; and the current radius r, that is L = 27r.

e Finally, the model assumes that the side of each pantograph remains con-
stant.

From the hypotheses introduced, the following equations can be written:
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Figure 5.4: Geometrical characterization of the planar jointed identical pan-
tographs of McKibben muscle [21].

T sin(apan) (5.18)
ro  sin(apano)

and
l
I _ cos(apan) (5.19)
lo cos(apanmp)

From the Eq. 5.11, 5.18 and 5.19 the f(epar) can be written as:

Flepart) = ———— /1= co(apan)(l —epan)?  (5:20)
SiH(OzPAMp) ’

Finally, the ideal force of McKibben muscle F.(€paps) can be obtained by
combining the Eq. 5.15 and Eq. 5.20:

Fie(epanr) = (7r2)Pla(l — epanr)® — 0], 0 <epam < €pAM maz (5.21)

with a = 3/ tan*(apanro) and b = 1/sin*(apano).

Figure 5.5 reports the relationship between ratio force and contraction ratio of
the ideal McKibben muscle. In particular, the figure illustrates this relationship
for two ideal McKibben muscle, the first uses an angle apan,o equal to 20 deg
(apano = 20 deg); the second, instead, uses an angle apano equal to 30 deg
(apano = 30 deg). The figure denotes that increasing the angle aupapso the ratio
force decreases.
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Figure 5.5: Plot of the static force of the ideal McKibben muscle.

Real McKibben muscle The model presented before does not study and ex-
plain how the braided sheath make the transmission of pressurized force possible.
To do that, the model considers a rubber inner tube with: r;y and ry: internal
and external initial radius; r; and r: internal and external radius of the current
state; g and ¢;: initial and current tube thicknesses.

The hypothesis of the real McKibben model are:

e the model assumes that the pressure is sufficient in order to transfer of
pressure forces to the braided sheath. A schematic situation is reported in
Fig. 5.6; the figure reports that the rubber inner tube is surrounded by a
network of identical pantographs in the form of a matrix n x m, as reported
in Fig. 5.4.

e the model assumes that full pantograph network remains in contact with the
exterior surface of the rubber tube in each contraction state of the muscle.

From the aforementioned hypotheses, the following equations can be written:

I =2ms cos(apan) (5.22)

and

27r = 2ns sin(apan) (5.23)

The Eq. 5.22 and Eq. 5.23 report that for any angle apays, each pantograph
maintains its side of value constant s.
Moreover, applying the virtual-work theorem:
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Figure 5.6: Analysis of the forces in the real McKibben artificial muscle [21].

2m fc(g)&" + g £l =0 (5.24)
f= %ﬁ; (5.25)

Where:

e f is the positive contraction force in the x (longitudinal) direction, it is
produced by each row of the network;

e f. is the positive force in the y (circumferential) direction, it is produced
by each column of the network.

The total circumferential force is equal to r;lP; the elementary force f., in-
stead, is: f. = r;lP/m. By using the Eq. 5.22 and Eq. 5.22, the force generated
by the braid sheath f, is:

2
foo=2nf = QWTiT—C?S2 (@pam)

sin®(apan)

Taking in to account the pressure force and free extremity of McKibben artifi-

cial muscle, an expression of the force generated by the real cylindrical McKibben
muscle is obtained:

P (5.26)

2
Fre= (QWZ-TM — )P (5.27)
sin®(apan)

The Eq. 5.27 simulates the behaviour of the real artificial muscle, however it
does not take into account any possible friction or elastic effects.
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Figure 5.7: Plot of the static force of the real McKibben muscle.
Finally, for a specific case denoted as thin-walled rubber inner tube; the as-

sumption of incompressibility is: (r;/7:,)(1/lo)(t/ty) = 1. Disregarding ¢* with
respect to 72, the force generated by the real McKibben muscle is:

(2 COS2(C¥PAM70)(1 — EPAM)z — 1) ]

Frc = EC - 2P 2h
(71'7‘0 ) x [ 0(1 — EPAM)(l — COS2<aPAM,0)(1 - 6PAM)2)

(5.28)

where hy = to/r¢. Figure 5.7 reports the ration force of the McKibben
muscle with respect to contraction rate epsp; using the ideal and real McK-
ibben muscle model. In particular, different values of the hy are studied, i.e.
ho = 0.05;hg = 0.10;hy = 0.15. The figure shows that the explicable force
decreases with increasing hyg.

5.2.2 Definition of McKibben requirements

The pneumatic wearable robot has four McKibben artificial muscles to support
the shoulder and elbow flexion. In this section, the geometric and operating
characteristics of the artificial muscles are defined.

The McKibben actuators, as defined in Sec. 5.2.1, are characterized by: (i)
initial angle of the pantograph apap; (ii) initial internal and external diameter
of the latex tube d;y and dp; (iii) pressure at which the air is blown into the
actuators (operating pressure) P. In particular:

e the angle apan influences the contraction rate epaps of the artificial McK-
ibben muscle; as the alpha angle increases the contraction rate decreases
epam, see Fig. 5.5.
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Figure 5.8: Plot of static force of ideal and real McKibben artificial muscle. The
imposed values are: apay = 20 deg and hy = 0.15.

e The initial diameters d;g, dy and the operating pressure of the McKibben
artificial muscle influence the force that can be exerted by the actuators.
Figure 5.7 shows that as hy (hg = — ) increases, the maximum force
F.. tends to decrease. Moreover, the Fig. 5.8 reports that as the operating
pressure increases P the McKibben muscle force that can be exerted by the
actuator F,. increases.

The Sec. 3.2 reports the maximum forces required to support the shoulder
and elbow movements: (i) the maximum force to support shoulder flexion is
equal to 75 N (fshmaz = 75.0 N); (ii) the maximum force to support the elbow
flexion is equal to 20.05 N ( fer maz=20.05 N). The Fig. 5.8 shows that the required
forces can be generated by McKibben artificial muscles having an angle apays
equal to 20 deg, an internal initial radius of rubber inner tube r;y equal to 6 mm
and a thickness ¢y equal to 0.9 mm. In particular, a single McKibben artificial
muscle, with the geometric characteristics defined previously and the operating
pressure P equal to 4 bar, generates a force f,. equal to 77 N. Moreover, a single
McKibben artificial muscle, with the geometric characteristics defined previously
and an operating pressure P equal to 1 bar, generates a force f,. equal to 20 N.

Finally, the components to fabricate a McKibben artificial muscle are reported
in Tab. 5.1.

5.2.3 Pneumatic control board

The pneumatic control board that could be used to control the wearable robot is
presented in [93]. In particular, the main electronic and pneumatic components
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Table 5.1: Main components of fabric—based artificial muscle.

Component Quantity
expandable polyester sleeving 1

soft latex rubber tubing 1
tight-seal plastic barbed tube fittings for air | 1
easy-view plastic barbed tube fittings for Air | 1
pinch clamps for tube 2

Table 5.2: Components of control board system

Component \ Quantity
Electronic components
Arduino Mega as controller
switch module with 4 Mosfet channels
power supply
potentiometer
jumpers -
voltage regulator
Pneumatic components
air compressor
solenoid valves
polyurethane tubes
manifold series SY100
pressure sensors

1
1
1
1

—_

IS AN G N

of the control board are reported in Tab. 5.2. The potentiometer is connected to
the Arduino board via Analog port and to a 5 V power supply that is supplied by
the microcontroller itself. The same power supply is supplied to the Mosfet which
however requires a connection to Arduino via a Digital port. This last component
acts as a bridge between the voltage generator (24 V) and the valve itself. Voltage
generator and air compressor are both connected to a voltage of 220 V. The
compressor generates a pressure of no more than 5 bar for the correct functioning
of the actuator and this pressure, through connections with the polyurethane
pipes, is detected by a pressure sensor. The latter is connected to Arduino via
an Analog port and powered with a voltage of 5 V directly from Arduino. The
main action performed by the board is to activate and deactivate the MOSFET
based on the voltage value that is detected at the input by the potentiometer. A
schematic architecture of the pneumatic control board is reported in Fig. 5.9.
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Figure 5.9: Pneumatic control board. (a) Arduino Mega; (b) potentiometer; (c)
switch module with 4 Mosfet channels; (d) solenoid valves; (e) power supply; (f)
air compressor.
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Comparison of the two concepts
based on group decision making

The comparison of the two proposed concepts, i.e. tendon—driven and pneumatic
wearable robots, are carried out using a multi—criteria decision making (MCDM)
method, see Sec. 6.1. The results of the MCDM method using ELIGERE web

platform are presented in Sec. 6.2; finally, the Sec. 6.3 illustrates the discussion.

6.1 Multi—criteria decision making

The optimal alternative selection from a set of alternatives according to the pref-
erences provided by a group of experts is a problem defined group decision making
(GDM). In case different criteria are taken into consideration, the problem is de-
fined multi—criteria decision making (MCDM) [94]. The MCDM method allows
to identify the most important factors to make the decision and allows to perform
a comparison of the design or concept alternatives.

Over the last decade, different methods have been presented in the literature;
an exhaustive list is illustrated in [95]. The review reports that the most ap-
proached used are: (i) the analytic hierarchy process (AHP), a panel of experts
are used to estimate the relative magnitudes of factors through a pairwise com-
parisons; each of the respondents compares the relative importance each pair of
items using a custom questionnaire; (ii) the technique for order of preference by
similarity to ideal solution (TOPSIS), it is a method of compensatory aggrega-
tion that compares a set of alternatives by identifying weights for each criterion,
normalising scores for each criterion and calculating the geometric distance be-
tween each alternative and the ideal alternative, which is the best score in each
criterion. Finally, when the fuzzy theory is introduced to uniquely identify lin-
guistic variables, the literature refers to the fuzzy MCDM (FMCDM), fuzzy AHP
(FAHP) and fuzzy TOPSIS (FTOPSIS).

ELIGERE platform ELIGERE is a fuzzy AHP web platform for group deci-
sion making [96]. More details about the ELIGERE framework are reported in
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App. C.

Definition of the concept alternatives The alternatives are the two concepts
presented in Ch. 4: (i) tendon-driven wearable robot; (ii) pneumatic wearable
robot. The description of the alternatives, or concepts, provided to the workers
and researchers before to carry out the questionnaires are reported in App. C.

Definition of the criteria An initial brainstorming is carried out to define
the target groups of the questionnaire and the related criteria. In particular,
the target groups of the questionnaire are three and they are: (i) workers since
they are the user of the soft exoskeleton in manufacturing environment; (ii) man-
agers of the companies since they are the potential customers of the device; (iii)
researchers since they are the designer and developers of the soft exoskeletons.
In particular, the results of the questionnaire for workers and managers allow
to define the operational requirements from a user and customers point of view;
the results of the questionnaire for researchers, instead, allow to compare the
concepts from a technical point of view. Then, for each target group, a list of
possible criteria is defined to compare the two proposed concepts.
The three worker’s criteria selected are:

e weight (W): weight of the soft wearable robot worn by the use;

e invasiveness (I): invasiveness of the device in terms of freedom of movement
of the worker:;

e operating space (OS): freedom of movement of the worker throughout the
factory space.

The three manager’s criteria selected are:

e innovativeness (IN): how innovative the proposed concept is compared to
the state of the art and compared to the solutions already available on the
market;

e safety (S): ability to not harm the worker and / or surrounding objects
during the execution of the task. Ability, also, to support the worker during
the execution of the industrial task in order to reduce the risks associated
with musculoskeletal disorders deriving from biomechanical overloads;

e robustness (R): ability to continue to work even in the event of system
failure.

The three researcher’s criteria selected are:

e response speed (RS): ability of the soft wearable robot to quickly adapt to
different task configurations;
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e full-assisted (FA): ability of soft wearable robot to exert the full torques
required by the anatomical joints;

e maintainability (M): ability of the transmission systems and actuators to
be maintained quickly and easily.

The criteria chosen for the workers are highly subjective criteria and can
only be evaluated from the user’s point of view. In particular, the operating
space of the exoskeleton represents a very important criterion since it will al-
low to understand whether to orient the choice exclusively towards one specific
concept, i.e. tendon - driven wearable robot, or understand that both concepts,
i.e. tendon—driven and pneumatic wearable robots, could be implemented in real
factory environments. The criteria chosen for the researchers, instead, are tech-
nical criteria which allow to define the global characterises of the wearable robots
presented using the opinion of a group of experts who working in this specific
scientific sector.

6.2 Results

To carry out the comparison between the proposed concepts the questionnaire
was provided to nine workers which work in the mechanical field for at least five
years. In particular, the workers involved refer to Italian car mechanic shops
which use the car lift bridge on a daily basis. The results of the multiple criteria
decision—making, evaluated using ELIGERE platform, are reported in Fig. 6.1. In
the same way, to compare the proposed concepts the questionnaire was provided
to seven managers that work in Italian manufacturing companies. The results
of the ELIGERE questionnaire are reported in Fig. 6.2. Finally, to compare the
proposed concepts the questionnaire was provided to nine researcher experts in
the filed. In particular, two researchers from Istituto Italiano di Tecnologia (IIT),
five from University of Naples Federico II (UNINA), one from Chemnitz Univer-
sity of Technology (TUC) and one from Fraunhofer Institutes (IWS). The results
of the multiple criteria decision—making, evaluated using ELIGERE platform, are
reported in Fig. 6.3. The figures report: (i) the score of the criteria for each tar-
get group selected, i.e. worker and researchers; (ii) the ranking of the criteria;
(iii) the ranking of alternatives, i.e. tendon—driven wearable robot and pneumatic
wearable robot.
In particular the results are in the following summarized:

e The results of the comparison of the criteria, reported on the top-left in the
Fig. 6.1, reports that the weight and invasiveness were defined as the most
important criteria for the selection of the concept. Moreover, the ranking
of alternatives, reported on the top-right of the Fig. 6.1, reports the final
ranking of the alternatives; it is equal to 42% for tendon-driven concept
and equal to 58% for pneumatic concept.
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criteria scores configuration scores
100 T T 100 T T
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= 50 =
.80 .20
0
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100 tendon-driven wearable robot (TDWR) 100 pneumatic wearable robot (PWR)
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= =
0
w I 0S w I 0S

Figure 6.1: Eligere questionnaire results of the workers:(top—left) the score of
the criteria; (top—right) the final ranking of the configurations; (bottom—left) the
score of the tendon—driven configuration w.r.t criteria separately; (bottom-right)
the score of the pneumatic configuration w.r.t. criteria separately. W: weight; I:
invasiveness; OS: operating space.

e The results of the comparison of the criteria, reported on the top-left in the
Fig. 6.2, reports that the innovativeness and safety were defined as the most
important criteria for the selection of the concept. Moreover, the ranking
of alternatives, reported on the top-right of the Fig. 6.2, reports the final
ranking of the alternatives; it is equal to 23% for tendon—driven concept
and equal to 77% for pneumatic concept.

e The results of the comparison of the criteria, reported on the top—left in the
Fig. 6.3, reports that the response speed and full-assisted were defined as
the most important criteria for the selection of the concept. Moreover, the
ranking of alternatives, reported on the top-right of the Fig. 6.3, reports
the final ranking of the alternatives; it is equal to 43% for tendon—driven
concept and equal to 57% for pneumatic concept.

6.3 Discussion

The results of the ELIGERE questionnaire aimed at workers show that the oper-
ative space criterion is evaluated as not real relevant since the wearable robot is
used only during the execution of the task in the workspace areas. In these areas,
the soft wearable robots proposed are the same ability and characteristics. More-
over, the results of the ELIGERE questionnaire for the managers and researchers
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criteria scores configuration scores

100 100

weight [%)]
g

weight [%)]
g

;

IN S R TDWR PWR

tendon-driven wearable robot (TDWR) pneumatic wearable robot (PWR)

100 100

weight [%)]
g

weight [%)]
g

F

IN S R IN S R

Figure 6.2: Eligere questionnaire results of the managers: (top-left) the score
of the criteria; (top-right) the final ranking of the configurations; (bottom-left)
the score of the tendon—driven configuration w.r.t criteria separately; (bottom—
right) the score of the pneumatic configuration w.r.t. criteria separately. IN:
innovativeness; S: safety; R: robustness.
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Figure 6.3: Eligere questionnaire results of the researchers: (top—left) the score of
the criteria; (top—right) the final ranking of the configurations; (bottom—left) the
score of the tendon—driven configuration w.r.t criteria separately; (bottom-right)
the score of the pneumatic configuration w.r.t. criteria separately. RS: response
speed; FA: full-assisted; M: maintainability.
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notice that the maintainability and robustness are less relevant compared to the
other criteria.

For the three group of experts selected, the pneumatic wearable robot is the
optimal solution to implement in manufacturing environments to support the
shoulder and elbow flexion movements during the execution of industrial over-
head tasks. However, only for the results of the managers’ questionnaire there
is a difference between the two concepts, in the other two cases, the scores are
not very different. For this reason it could be convenient to develop both devices
and choose the best solution based on the comparison of the kinematic and phys-
iological parameters of the worker evaluated with tendon—driven and pneumatic
wearable robots during the execution of the industrial tasks.
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Conclusion

In this thesis, the design of two different wearable robots, i.e. tendon—driven
and pneumatic wearable robots, for industrial overhead tasks was presented. In
particular, the design includes the soft suit, transmission system and power unit.

At first, three different overhead tasks, i.e. drilling, leveraging and cabling
tasks, were performed at two different working heights at laboratory environ-
ment. The results in terms of joint angles, joint torques and muscle activations
show that, for a specific working configuration defined as middle configuration,
there is a concentration of the worker’s efforts in the upper—limb joints. These
results suggest that the wearable robots should assist the shoulder and elbow
flexion during task performance in that specific configuration defined as middle
configuration.

Then, the results of the biomechanical analysis are used to define the range of
motion and the torques required by the human joints. In particular, a two degrees
of freedom model of the upper-limb, which include the shoulder and elbow joints,
were used to define the functional requirements of the soft exoskeletons, i.e. ideal
lengths and forces of actuators or transmission system in order to support the
joint torques required during the execution of the industrial tasks.

Subsequently, the concept of soft suit and the soft wearable robots were pre-
sented. The main contributions are:

e design of a soft suit that allows to avoid slipping phenomena of the anchor
points of the transmission system, i.e. cables or actuators. To do that, Ny-
lon bands are included between the shoulder, elbow and wrist braces; their
paths follow the behaviour of the anatomical shoulder and elbow joint [28].

e the design of the two soft wearable robots for industrial overhead tasks: (i)
tendon—driven wearable robot, an under—actuated system which allows the
shoulder and elbow joint to be supported independently or combined using
a single electric motor [28]; (ii) pneumatic wearable robot, system which
uses two McKibben artificial muscles to support the shoulder movement
and two McKibben artificial muscles to support the elbow movement;

The detailed design phase is carried out using the model of tendon—driven unit
and McKibben artificial muscle. These models and the functional requirements
based on biomechanical analysis of the overhead tasks were used: (i) to define the
characteristics of the electric motor and gears system of tendon—driven system;
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Concusion

(ii) to define the geometric characteristics of the McKibben artificial muscles to
exercise the required forces.

Finally, the comparison of the concepts proposed was carried out using multi—
criteria decision making submitted to three different group of experts: (i) workers
who are the potential future users of the devices; (ii) managers who are the po-
tential customers of the devices; (iii) researchers who are the potential developers
of soft wearable robots. For the both group of experts, the pneumatic wearable
robot is the preferred solution for industrial applications.

Further work

Future developments could be:

e development of the soft wearable robot based on the results obtained in the
present thesis;

e definition and implementation of a control strategy so that the support of
the exoskeleton is perceived as natural by the user;

e assessment of the soft wearable robot in laboratory and industrial environ-
ments in order to define the physiological and kinematic effects on worker
movements.
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Appendix A
Modeling

In this appendix the procedures for inverse kinematic and inverse dynamic com-
putation starting from the motion capture and ground reaction forces data, are
reviewed.

A.1 Inverse kinematics

The inverse kinematics aims at computing the evolution over time of the joint
angles. Here, the problem is to minimize the weighted squared error between the
motion capture data and the virtual model [49], as

min = Zwi<mi,s —xim) + ij(qj,s - Qj,m)2 (A1)

q
i—1 j=1

where:

w; and w;: weight coefficients for markers and joint angles, respectively;

e z,, and x;,,: three dimensional positional vectors of the ith marker, re-
spectively for the subject and the model (z € R™);

e q;, and q;,,: three dimensional vectors of generalized coordinates (un-
knowns) of the j* joint angle, respectively for the subject and the model
(¢ € R")

e n, o: respectively, degrees—of-freedom (DoF) of the model (i.e. number of
considered joint angles) and number of markers.

A.2 Inverse dynamics

The inverse dynamics aims at computing the evolution over time of the joint
torques, starting from the joint angles and the measured ground reaction forces.
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Figure A.1: Schematic model of the generic body segment between two human
joints.

By neglecting the viscous and friction effects, the dynamic model takes the classic
Lagrangian form:

M(q)q+c(q,q) +g(q) =T (A.2)
where:

® q,q,q: position, velocity, and acceleration of the generalized coordinates
(g € R");

e M: mass matrix (M € R™*");

c: vector of Coriolis and centrifugal forces (¢ € R");

g: vector of gravitational forces (g € R");
e 7: vector of unknown generalized forces (7 € R"™);

The dynamic model (A.2) can be also written in Newton—Euler formulation
as:

where:
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Figure A.2: Graphical model of the inverse dynamics calculation of joint forces
and torques for each segment

e F'.: forces along x;

e m: mass of the human segment;
e I: linear acceleration along x;

e F,: forces along y;

e 1: linear acceleration along y;

e M: moment;

e [: mass moment of inertia;

e 0: angular acceleration

By considering a generic body segment (segment j) which links two consecutive
human joints (joint j and joint j 4+ 1) and, by considering the nomenclature in
Fig. A.1, we can re-write the dynamic model (A.3) in two different ways:

Feji1r=mi — Fy

Fyjn = my —mg — Fy;

Mjpy =10, — My — Fy joa(ye — yr) + Fy (2 — 2,)+
+Fy,jyr - Fx,jxr
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Fejo1=mi — Fy

Fyjn = my —mg — Fy;

My =10 — Mj — Fy jia (I = 7)5(0) + Fyja (D —7)C(0)+
+F, ;rC(0) — F, j75(0)

(A.5)

In (A.4) and (A.5), the forces due to the acceleration of the mass along x and
y axes (i.e., m& and mjj), as well as the weight force mg are applied in the center
of mass (CoM) of the considered body segment. The moment of inertia I8 is also
considered about the CoM. Instead, the internal generalised forces (i.e., forces F;
and Fji1; torques M; and M,,;), are applied at the joints location (joint j and
Jj+1).

Equation A.4 depends on the distances between the CoM and the joints along
x and y axes (y, and y;; x, and x;); instead, Eq. A.5 depends on the joint angle
0. Starting from the segment 1, where the ground reaction forces are known, it
is possible to reconstruct the forces and torques applied at each human joint (see
Fig. A.2 for a graphical interpretation).
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Biomechanical analysis results

B.1 Joint angle and torque results

The evolution of the joint angles, i.e. shoulder flexion-extension «, shoulder
abduction-adduction /3, shoulder rotation v and elbow flexion-extension 9, during
the execution of drilling task are reported in Fig. B.1. The evolution of the joint
angles during the execution of leveraging task are reported in Fig. B.2. The joint
torque results during the execution of the drilling task are reported in Fig. B.3.

B.2 Muscle activation results

The normalized muscle activation results are reported in Fig. B.4 for drilling task,
in Fig. B.5 for leveraging task and in Fig. B.6 for cabling task.
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Figure B.1: The evolution of joint angles, during the execution of drilling task,
presented as mean =+ standard deviation for middle configuration. The joint
angles represented in the figure are: «: shoulder flexion-extension; J3: shoulder
abduction-adduction; v: shoulder rotation; ¢: elbow flexion-extension.
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Figure B.2: The evolution of joint angles, during the execution of leveraging
task, presented as mean + standard deviation for middle configuration. The joint
angles represented in the figure are: «: shoulder flexion-extension; J3: shoulder
abduction-adduction; v: shoulder rotation; §: elbow flexion-extension.
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Figure B.3: The evolution of joint torques, during the execution of drilling task,
presented as mean =+ standard deviation for middle configuration. The joint
torques represented in the figure are: 77: shoulder flexion-extension torque; 7:
shoulder abduction-adduction torque; 73: shoulder rotation torque; 74: elbow
flexion-extension torque.
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Figure B.4: The evolution of normalized muscle activations (NMA), during the
execution of drilling task, presented as mean + standard deviation for middle
configuration. The muscles represented in the figure are: AD: anterior deltoid;
MD: medial deltoid; UT: upper trapezium; BB: biceps brachii; T'B: triceps
brachii.
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Figure B.5: The evolution of normalized muscle activations (NMA), during the
execution of leveraging task, presented as mean + standard deviation for middle
configuration. The muscles represented in the figure are: AD: anterior deltoid;
MD: medial deltoid; UT: upper trapezium; BB: biceps brachii; T'B: triceps

brachii.
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Figure B.6: The evolution over time of normalized muscle activations (NMA),
during the execution of cabling task, presented as mean + standard deviation for
middle configuration. The muscles represented in the figure are: AD: anterior
deltoid; M D: medial deltoid; UT": upper trapezium; BB: biceps brachii; T'B:
triceps brachii.
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Appendix C
ELIGERE questionnaire

The platform is based on the analysis of the questionnaires submitted to a panel
of experts. The experts is asked to answer the questionnaire and it is divided
in two main parts: (i) comparison, in pairwise manner, of the criteria defined;
(i) comparison, in pairwise manner, of the alternatives involved for that specific
study with respect to each criterion separately. The results of the first part is the
ranking of the criteria; the results of the second part, instead, is the ranking of
the configurations (or alternatives) according to the FAHP method. The fuzzy
conversion scale used is reported in Tab. C.1.

C.1 Description of the alternatives

The description of the alternatives, or concepts, provided to the workers, man-
agers and researchers are:

Tendon—driven wearable robot The system uses a single electric motor to
support the shoulder and elbow flexion (under—actuated system), see Fig. 4.3.
The transmission system of the forces is made up of cables (or tendons), i.e.
Bowden cables. In particular, two Bowden cables are used to transmit the forces
from exoskeleton to user; one cable to assist the shoulder flexion and one cable
to assist the elbow flexion. Moreover, the cable paths is defined following the

Table C.1: Fuzzy conversion scale used in Eligere platform.

Absolutely more important | + + +
More important + +
Weakly more important +
Equally important =
Weakly less important -
Less important - -
Absolutely less important | - - -
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concept defined as tension line. The concept of tension line is linked to bio-
design techniques, techniques where the design of the systems, i.e. wearable
robots, is inspired by nature. The tension lines are lines which link the starting
and ending point of the joints affected by the muscle, in this way, the cables (or
tendons) work in parallel with the human muscles in order to assist and reduce
the muscle activations of the user during the execution of industrial tasks. The
actuation is electric, i.e. electric motor. In particular, the actuation system is
positioned in the upper back of the workers (yellow component in Fig. 4.3), this
allows to make the tendon—driven wearable robot independent from an external
actuation source. Moreover, the system is defined under-actuated since it uses
one electric motor to support two degrees of freedom, i.e. shoulder and elbow
flexion. The system allows to assist only one movement, i.e. shoulder flexion or
elbow flexion, or both movements simultaneously. The switch from one operating
configuration to another configuration takes place automatically by translating a
pin using an electromagnetic solution. Finally, a gear system allows to apply the
desired torque by the two different joints.

Pneumatic wearable robot The system uses four McKibben artificial mus-
cles to support the shoulder and elbow flexion, see Fig. 4.5. The pneumatic
wearable robot assists the worker activities using McKibben artificial muscles
(or pneumatic artificial muscles, PAM). The PAM consist of an inflatable inner
tube/bladder inside a braided mesh, clamped at the ends. When the inner blad-
der is pressurized and expands, the geometry of the mesh acts like a scissor linkage
and translates this radial expansion into linear contraction and their behaviour
is similar to human muscles. The PAM could work in parallel with the human
muscles in order to support the most activated muscles during the execution of
manufacturing tasks. For the present soft wearable robots four McKibben actu-
ators are used, in particular, two actuators to support the shoulder flexion and
two actuators to support the elbow flexion. The pneumatic wearable robot is
actuated and controlled using pneumatic control board. It includes: (i) one con-
troller; (ii) four pressure regulators, (iii) four solenoid valves; (iv) four pressure
sensor; (v) air compressor. The pressure regulator allows to control the pressure
of the fluid and to send the fluid at the desired pressure to the solenoid valves;
finally, the pressure sensor estimates the flow loss in the circuit. The pneumatic
control board, which includes air compressor, is not worn by the user, for this
reason to work it must be connected to a compressed air hose (usually placed in
the immediate vicinity of the workstations).

C.2 Questionnaires

Questionnaire for workers The questionnaire submitted to the workers is
reported in Fig. C.1 and Fig. C.2.
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ELIGERE

Home L2signin  # Registration @ Logout B 2021-09-26 11:0842 & weicome eligere@gmailcom @ Info

Section  Criteria  Fuzzy conversion scale
Section 1: " Preferences "
In the first section the user is asked to express a preference about the given evaluation criteria. Each question asks to compare two criteria simultaneously (i.e.

pairwise comparison) according to the fuzzy conversion scale

Tag Question +++ ++ + = = — —

C1390C2391 How important is the weight when it is O O o o O O )
compared to invasiveness?

C1391C2392 How important is the invasiveness when O O O (o) (o} (o} O
it is compared to operating space?

C1390C2392 How important is the weight when it is (o] (o] (o] (o] (o} (o} (o}
compared to operating space?

Next Section

Copyright © 2017 ELIGERE. All rights reserved

Figure C.1: Comparison of the worker’s criteria.

Questionnaire for managers The questionnaire submitted to the managers
is reported in Fig. C.3 and Fig. C.4.

Questionnaire for researchers The questionnaire submitted to the workers
is reported in Fig. C.5 and Fig. C.6.
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Section Criteria  Alternatives  Fuzzy conversion scale

Section 2: " Suitability "
In the second section a pairwise comparison of allernatives is asked 1o the user. Each question asks to compare the first alterative with the second allernative,

with respect to each criterion to the fuzzy
Pneumatic wearable r Vs Tendon-driven wearab
—> —
Pneumatic wearable robot Tendon-driven wearable robot

Criteria e T + = B = =

invasiveness O o o o o (o} O

operating space (o] (o] (o] (o] (o] (o] (o]

weight (e] (e] O (o} O

< Prev alternative 1of1 Next altemative »

Figure C.2: Comparison of the alternatives based on the worker’s criteria.

ELIGERE

Home
L2sgnin  /Registration @ Logout B 2021-09-28 12:27:48
A weicome Qinfo
Notice: Undefined index: user_email in ¢ g .php on line 110

Section  Criteria  Fuzzy conversion scale

Section 1: " Preferences "

In the first section the user is asked to express a preference about the given evaluation criteria. Each question asks to compare two criteria simultaneously (i.e.
pairwise companson) according to the fuzzy conversion scale

Tag Question e - + = - — =

C1384C2385 How important is the Innovativeness (o] (o] (o] o o o o
when it is compared to Safety?

€1384C2386 How important is the Innovativeness (o] O (o] (o] (o] (o] (o]
when it is compared to Robustness?

C1385C2386 How important is the Safety when it is (o] (o] (0] (o] (o] (o] (o]
compared to Robustness?

Next Section

Copyright © 2017 ELIGERE. Al rights reserved.

Figure C.3: Comparison of the manager’s criteria.
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Section Criteria  Alternatives  Fuzzy conversion scale

Section 2: " Suitability *
In the second section a pairwise comparison of alternatives is asked to the user. Each question asks to compare the first alternative with the second altemative,
with respect to each criterion separately, according to the '\.IZZY conversion scale.

Pneumatic wearable r Vs, Tendon-driven wearab

—>

Pneumatic wearable robot Tendon-driven wearable robot
Criteria 4 4 + = - = —
Innovativeness o (o] (o] O (o] O O
Robustness O o (e] O o] O O
Safety (e] (e] (o] (e] o] O O

< Prev alternative 1of1 Next alternative »

Figure C.4: Comparison of the alternatives based on the manager’s criteria.

ELIGERE

Home LSignin  # Registration & Logout  E 2021-09-22 142826 & welcome eligere@gmailcom @ Info

Section  Criteria  Fuzzy conversion scale

Section 1: " Preferences "

In the first section the user is asked to express a preference about the given evaluation criteria. Each question asks to compare two criteria simultaneously (i.e
pairwise comparison) according to the fuzzy conversion scale.

Tag Question e -+ + = = = .

C1387C2388 How important is the Response speed o o o (o) o o (¢)
when it is compared to Full-assisted?

C1388C2389 How important is the Full-assisted when O O O O O O O
it is compared to Maintainability?

C1387C2389 How important is the Response speed O (@] (o] (o] (o] (o] O
when it is compared to Maintainability?

Next Section

Copyright © 2017 ELIGERE. All rights reserved

Figure C.5: Comparison of the researcher’s criteria.
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Section Criteria  Alternatives  Fuzzy conversion scale

Section 2: " Suitability *
In the second section a pairwise comparison of alternatives Is asked to the user. Each question asks 1o compare the first alternative with the second altemnative,

with respect to each criterion g 10 the fuzzy ¢
Pneumatic wearable r Vs Tendon-driven wearab
—> —
Pneumatic wearable robot Tendon-driven wearable robot
Criteria e ‘e + E = =
Full-assisted o o O O o] O O
Maintainability o o (o] (o] o O O
Response speed O (e] o (o] (o]

< Prev alternative 1of1 Next alternative ¥

Figure C.6: Comparison of the alternatives based on the researcher’s criteria.
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