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Dedicato a mio Padre...

Al tuo modo ruvido di trasmettere le emozioni.

Al tuo senso del dovere ed al tuo altruismo.

Ai tuoi modi di fare che da piccolo non capivo e oggi sono parte del mio essere.

A tutti i pensieri e le parole che vorrei averti detto e che sono rimasti solo nella mia testa.
A te che mi hai sempre trattato come un adulto.

A te che te ne sei andato prima che adulto lo potessi diventare davvero.
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Test on EVA Glove

CHAPTER 4:

“If an astronaut cannot use his or her hands adequately
in a pressurized suit there is simply no reason to send
humans into space...”

Durant, 1995

TEST ON EVA GLOVE

Human hand capabilities, such as dexterity and perception, are one of the main reasons in man’s
superiority to robotic devices, in presence of unpredictable and adaptive tasks and where procedures
and strategies cannot be defined in advance, becoming too diverse and complex. In EVA environment
the hand is not only a multi-purpose tool, but it is also the main mean of locomotion and material
handling. However, existing pressure gloves significantly reduce the hand performances and, in addition,
they are uncomfortable, sometimes leading to pain or minor injuries. The gloves have been causing of
great chagrin since the very first space mission, they have been changed and improved since the Apollo
Program and are under investigation also today.

Glove evaluation has been highly subjective in the past; generally, astronauts with extensive experience
in EVA provided their opinions and feedback regarding the virtues and vices of gloves, but no
guantitative analysis was performed. A new concept of less subjective and more scientific studies has
been developed in the last decade. Several works have been conducted to determine the influence of
EVA glove on manual capabilities. Perhaps the most comprehensive study performed on the assessment
of performance decrements wearing EVA gloves has been done by O’Hara [33]. In this article, two levels
of hand conditions (barehanded and gloved), two levels of pressure and three hand sizes have been
changed in order to obtain the data collection. Other important studies have been done utilizing
different methods and approaches [40, 125, 126]. Six basic hand characteristics have been identified:
range of motion, strength, tactility, dexterity, fatigue and comfort; each of them presents a list of
parameters considered important indicators of the category or especially relevant in EVA (Table 23). It
has to be underlined that the hand is a complex and integrated system in which each category
influences and is influenced by other categories, generating a combined effect. The six categories can
be divided into two groups. The first group comprises the capabilities directly connected to the hand
physiology and anatomy: range of motion, strength and tactility. The remaining categories have been
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Test on EVA Glove

Group Capability Main Parameters
1 Range of motion Thumb Movement
Finger Movement
Wrist Movement
Strength Pinch and Grip force
Pinch and Grip torque
Tactile perception  Continuous Sensitivity
Object Characterization
Tactile Feedback
2 Dexterity Precise Positioning
Multiple object
manipulation
Flexible object manipulation
Fatigue Physiological Decay
Manipulation Decay
Performance Decay
Comfort Glove Characteristics
Hand/Glove Interaction
Local Hand Environment

Table 23: Hand Capabilities and related Performances

included in the second group. These categories are more complex than the previous ones, they
represent a strict integration between the categories of group one and a series of physiological and
psychological aspects. Wearing the glove reduces basic hand grip strength and the introduction of a
differential pressure further reduces it; however, the effects on grips and pinches strength are sharply
reduced. The tactile perception degradation is mainly influenced by the structure of the gloves and it
remains unchanged with pressure change. Dexterity is reduced both by glove and pressure; this is
caused by the limitation in the range of motion and sensitivity and increases up to six times the duration
of every hand work.

In this section, two different tests on EVA gloves are reported. The first test aims at studying the
influence of a specific model of EVA glove on the human hand capabilities and, in particular, on strength
and fatigue. The second test is performed in order to empirically model the stiffness of the EVA glove,
through the development of two different measurement setups.

Test EVA Glove

All the tests have been performed employing one single EVA glove model. The EVA Glove utilized for the
tests is a left-handed Russian Orlan-DM glove [25]. Testing only one model of EVA glove can seem a
limitation in terms of generalization of the results. However, it is important to underline that the
methodology and the protocols developed can be applied to any, present or future, EVA glove model.
The glove used in our tests is basically composed by three elements (Figure 46). Starting from the inner
element it can be find the bladder, the restraint and the ITMG. The bladder is the first element of the
glove and is designed to maintain the internal pressurized environment. The bladder is made of nylon,
drawn to fiber as fine as silk and then dipped into rubber (urethane) six times to create an impermeable
barrier between the human being and the vacuum of the space environment. A layer of Dacron is added
to restrain the pressure bladder. Nylon is used because it is a good thermal and electrical insulator, it
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Test on EVA Glove

Figure 46: Three elements of Orlan-DM EVA glove; from left to right: bladder, restraint, ITMG

exhibits excellent resilience and melts instead of burning, a very important feature in a pure oxygen
environment [127, 128]. Dacron is a polyester fiber used for its long flex life, high resilience and
resistance to heat, chemicals and organic agents [129]. The restraint is the middle element and is
responsible for carrying all pressure and loads both from the suit and from the astronaut. The ITMG is
the external element of the glove and the main protection against thermal swings and the impact of
hyper velocity micrometeoroid particles. The ITMG is a multilayer system with a very complex structure
involving many materials. The main materials of ITMG are Nylon Ripstop, a very though material with
high resistance to tearing and ripping, aluminized Mylar, mixed with layer of thermal insulator for heat
protection [130], Teflon/Gore-Tex, Kevlar and Nomex for the mechanical protection from
micrometeoroids particles [127]. The Fingertip is made of Room Temperature Vulcanized (RTV) silicon
and Nomex. Silicon is essential to enhance tactility and protection at the same time. At the bottom of
each phalanx and palm some jagged silicon rubber plates are placed in order to improve the friction
grip. The operating pressure and the multilayer structure have a noticeable effect on the hand because
the wearer is fighting against the internal pressure and the friction between the layers.

Glove Box

As previously explained, the negatives effects of the EVA gloves, and more generally of the EVA suit, are
due to two factors: the multilayer structure of the vest and its own internal pressure. It is therefore
necessary to reproduce both these two effects in order to fully understand the characteristics and to
model the effects acting on the human being.
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N Pressure [kPa]

Pressure [kPa]

Suit ~ 100°

Wox 100 - P

Space =0
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A

® the internal pressure changes on the basis of the glove model

® the internal pressure is equal to the atmosphere pressure
Figure 47: The glove into the space (left) and the glove inside the glove box (right)

Figure 48: The custom-made glove box and all its elements

Reproducing the internal pressure of the glove by inflating air is very complicated in the course of tests.
During EVA missions the astronaut’s body is fully wrapped by the impermeable bladder and contained
by the restraint granting no leakage; vice-versa during the glove tests the subject only wears a portion of
spacesuit and, in this case, it is hard to ensure a fully impermeability. It has been decided to reduce the
pressure of the external environment instead of increasing the internal pressure of the glove, using a
custom made Glove Box in order to overcome this problem (Figure 47). A Glove Box is a sealed container
of various forms and dimensions that is designed to allow the operator to manipulate objects in a
controlled and desired atmosphere. Built into one side of the glove box, there are usually one or two
gloves arranged in such a way to allow the user to insert their hands and to perform tasks inside the box
without breaking the containment. The glove box (Figure 48) was designed and realized in order to
reproduce the internal pressurization of the glove. The structure consists of a 430x440x630 mm
aluminum parallelepiped, with three walls made of aluminum and the other three of transparent
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Figure 49: Detail of the airtight locking joint between the custom-made flange (blue) and the forearm Orlan-DM seal (green)

Figure 50: The Orlan-DM EVA glove inside the custom-made glove box with ITMG (left) and without ITMG (right)

Plexiglas 20mm thick. One of the aluminum sides shows an opening to permit the insertion of the
forearm in an airtight flange. The flange ends with a joint made in such way to be exactly coupled with
the forearm of the EVA glove (Figure 49).

Thus, different models of EVA gloves can be tested by substituting the flange with another one, custom
made for the particular glove under test. One Plexiglas side is removable and kept close by a series of
screws; it can be opened to insert or remove instruments when the vacuum pump is switched down. Air
tightness is guaranteed by a gasket placed along the perimeter. The aluminum rear side shows the
pneumatic connections. The pneumatic circuit consists of a vacuum pump, a manually adjustable safety
valve and a vacuum manometer. The relative internal pressure level can be adjusted acting on the safety
valve and seeing the manometer. The EVA Glove is fixed to the custom made flange by means of the
restraint locking coupling (Figure 50); the internal bladder grants the separation between external
environment pressure and internal pressure, thus obtaining the same differential pressure as in actual
EVA missions.
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Test on Human Hand Performances

Fully understanding the behavior of the EVA gloves and its interaction with the human hand are a
fundamental requirement to be able to define constraints and to propone improvements for the next
generation of EVA gloves. The following study is mainly focused on EVA glove performances in terms of
hand and finger strength reduction and hand fatigue augmentation. Among all the six previously
explained hand capabilities, it has been decided to primarily concentrate on these two performances
because they result to be the most related to the device planned to be realized, influencing its
constraints and concept. This study presents two main peculiarities with respect to other works that can
be found in literature: the choice of the main focus on the left hand instead of the right hand and the
measuring system. The left hand results to be the “weaker hand” for a great percentage of the human
beings, but covers a fundamental role in any kind of job and activity. Usually, in order to perform tasks
that implicate both hands, a human being uses its main hand to execute precision works (e.g. pull the
trigger of a drill, turn a screwdriver), whereas utilizes his weak hand to perform power tasks (e.g. hold in
position objects). Testing the left hand results to be a very interesting and useful activity. Finally,
regarding the measuring system, it has been decided to utilize a home-made pneumatic hand
dynamometer as following explained.

Test Subjects

A total of thirteen test subjects took part in this study. Test subjects were chosen following an initial pre
selection based on the hand size. The main requirement, mandatory for each subject, was that their left
hand had to fit inside the Orlan-DM glove. In particular, the subject’s finger had to reach the glove
fingertip and, at the same time, the finger crotch had to correspond to the bases of the glove fingers
without uncomfortable sensations. To ascertain this, to each subject was asked to perform a series of
movements wearing the EVA glove that involved all the articulations of the hand; at the end each of
them gave a qualitative feedback of their sensations. This pre-selection can appear a trivial work but is
indeed a key factor. EVA gloves are usually custom-made and adapted on the hand of astronauts; each
astronaut possesses his own glove that fits exactly on his hand. If the subject pool is not carefully
selected all the tests results can be useless and sidetracking. The subject pool included five females and
eight males, ranging in age 25-36 years. Among the thirteen test subjects, two were left handed and
eleven were right handed. All subjects were volunteers and consisted of IIT@Polito employees; none of
them had ever worn an EVA glove before.

Experimental Measurement Setup

There are several technological possibilities to measure the force applied during hand grips and pinches
using different technologies and sensors. A simple home-made pneumatic setup has been realized in
order to measure the hand strength. The sensor is composed by three elements (a bulb syringe, a
constant volume and a manometer) connected to each other by means of a pipe (Figure 51). When a
force is applied to the syringe, it causes the variation of the internal pressure of the pneumatic circuit;
this variation is then measured by the manometer (Figure 52). Other typologies of sensors usually have a
favorite measurement direction which implies that not all the forces exchanged between the hand and
the device can be correctly measured. Moreover, more common hand dynamometers, available on the
market, are not multipurpose sensors but, on the contrary, are custom made on a specific kind of grip
and pinch. The pneumatic hand dynamometer allows every force that the hand applies to the sensitive
part to be measured independently from its direction and application point.
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Test on EVA Glove

Test Protocol

Literature identifies and classifies several types of hand grips mainly divided into power and precision
grips, according to the force exerted [131]. This distinction not only aims at classifying the grips on the
basis of the magnitude of the applied force, but also implies a more complex difference. Power grips
largely involve the use of the muscles placed into the forearm and are typically performed by the whole
hand. On the contrary, precision grips make an extensive use of the muscles placed inside the palm of
the hand and are usually performed by two or three fingers and called pinches. Not all the types of grips
and pinches can be significant in this kind of experiment. It has to be considered that the activities that
the astronauts have to perform into space are limited by the EVA glove; therefore only a subset of every
possible hand grip can be effectively performed in that particular environment. In this test, four
different tasks, shown in Figure 53, have been chosen to be representative of the common astronaut
tasks during EVA. The choice of the tasks to be performed also stems from a particular study by Mishkin
and Jau [106], in which the authors claim that, varying the number of finger involved in a specific task,
the number of performable tasks change as following: two fingers can perform 40% of the possible hand
tasks, three fingers can accomplish up to 90% and four fingers can complete the 99%. It is therefore
interesting to examine the influence of the glove on the different fingers and while varying the number
of fingers involved in each task. The grip nomenclature is not universally defined, thus the four chosen
grips have been named as follows:

e Power Grip: spherical power grasp performed using all the five fingers, with the thumb opposing

the four fingers
e Two Finger Pinch: precision pinch performed using only the thumb and the index finger

N M

/'T'\

Figure 51: Pneumatic Dynamometer Circuit Scheme composed by Bulb Syringe (S), Constant Volume (V) and Manometer (M)

Figure 52: Home Made Measurement Setup outside (Left) and inside (Right) the Glove Box
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LR
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Figure 53: The four typologies of Hand Tasks: Power Grip (Top Left), Two Finger Pinch (Top Right), Three Finger Pinch
(Bottom Left) and Lateral Pinch (Bottom Right)

e Three Finger Pinch: precision pinch performed with the thumb in opposition to the index and
the middle finger

e Lateral Pinch: intermediate pinch performed with the thumb opposing the side of the fist
Once decided the typology of the task to be performed, it is necessary to define a series of standardized
instructions to be followed by the subject during the tests, in order to guarantee the highest possible
uniformity of the results. Before each test task, the corresponding grip position was shown to the
involved subject. Furthermore the following instructions were provided:

1. Hold the bulb syringe with the left hand as shown in the relative task picture
Apply the highest possible force
Maintain this force for about one second
Return to the relax position
Repeat from point two to point four until it feels too tired to continue or it becomes too painful
Each subject had to perform the four grips in three different conditions: barehanded, wearing the
unpressurized Orlan-DM glove and wearing the pressurized glove, with a total value of twelve tests. It
was necessary to impose a time lapse between two subsequent tests in order to guarantee the reliability
of the results. If the subject performed one test session in the morning, he was prevented from
performing another one, at least until the late afternoon; the main reason to take this precaution was to
assure that each task started with no initial fatigue. A test session is a complete series of repetitions of
the instructions related to a single grip, performed barehanded or wearing the EVA glove. Since the
previous explained instructions did not impose a fixed number of cycles of hand grips, the subject would

voaw N
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stop after a variable number of repetitions. Many factors could influence the amount of performed
cycles; some of them were physiological, like fatigue and pain, but, on the basis of some post-execution
declaration, also some strictly psychological elements, like motivation and stubbornness, could have a
strong effect on the number of executions. It is important to underline that also the fatigue is a very
subjective characteristic that combines physical and mental effects, which can be influenced by factors
such as motivations, commitment and wellness at the time of the tests [33]. For each grip repetition, the
maximum value measured by the manometer was acquired. The maximum value of force applied by the
hand on bulb syringe is directly related to the maximum value of pressure registered by the manometer,
whereas the fatigue can be associated both with the decrease of the maximum pressure value during a
test session and with the total number of cycles performed.

Test Results

After collecting all the repetitions for each test session, the resulting data were analyzed. In this session
the result is discussed in order to provide the main conclusions and observations achievable. The results
of the test show a main trend common to each subject. The effects of the EVA glove on hand capabilities
are specific of the executed task, whereas the effect of pressurization drastically worsens performances
independently from the typology of the performed grip.

The hand strength, during power grip and lateral pinch, results significantly reduced wearing the
unpressurized EVA glove in almost all test subjects and, at the same time, the effects of fatigue are
considerably augmented, both in terms of total number of executed cycles and in performance decay in
time. A different behaviour has been noticed during the execution of the other two hand grips. Wearing
the unpressurized glove, two and three fingers pinches were performed with hardly any difference, as if
the glove had almost no effect on these specific tasks. On the contrary, when the EVA glove is
pressurized, the performances were dramatically reduced independently from the executed task. The
results presented no relevant differences between male and female. If, on the one hand, the results
collected during man’s test present on average a higher maximum strength with respect to the woman
ones, on the other hand, processing data for each subject as a percentage of their maximum value
allowed to cancel the effects directly related to each subject’s physical presence. In physiology the
higher value of applied force is called Maximum Voluntary Contraction (MVC). Figure 54 shows an
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Figure 54: Difference between Man and Women barehanded Power Grip; results represented in absolute values (left) and
represented as MVC percentage (right)
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example of the difference between the data series represented using absolute values and MVC
percentage; as it is clearly noticeable the latter allow comparing data collections coming from people
with different physical presence.

From Figure 55 to Figure 58 the acquired data for the four different tasks are shown. Each of these
figures shows all the executed cycles related to a single hand grip in three different configurations:
barehanded, wearing the unpressurized EVA glove and wearing the pressurized one. All values are
expressed as a percentage of the highest value of force that each subject obtained for the specific task;
in this way all the data for all subjects can be significant also if represented together on the same graph.
In each graph the “black X” points are related to the barehanded performed test, “grey squares” are
related to the test performed wearing the unpressurized EVA glove and, finally, the “black dots” are
related to the test performed wearing the pressurized EVA glove.
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Figure 55: Effects of wearing the EVA glove in different conditions on power grip performances (top left)

Figure 56: Effects of wearing the EVA glove in different conditions on two-finger pinch performances (top right)
Figure 57: Effects of wearing the EVA glove in different conditions on three-finger pinch performances (bottom left)
Figure 58: Effects of wearing the EVA glove in different conditions on lateral pinch performances (bottom right)
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It is evident how the pressurized EVA glove deeply hinders hand performances independently from the
performed task; however, this is not always true for the unpressurized glove, whose effects result to be
strictly related to the typology of hand grips. Figure 55 shows the data collection related to the power
grip. In this graph three distinct data clouds are clearly visible: for all the subjects, performances wearing
the unpressurized EVA glove were significantly inferior to the barehanded ones and the capabilities
measured wearing the pressurized EVA glove were even worse. Figure 58 shows the variation of the
MVC percentage related to the lateral pinch during the three tests conditions: in this graph the effects
are slightly different. The data related to the barehanded and unpressurized conditions present different
mean values, but are partially overlapped, whereas the cloud related to the pressurized condition is
almost entirely distinct with respect to the others and clearly lower. Few test subjects actually
performed similar results related to lateral pinches when barehanded and wearing the unpressurized
EVA glove, whereas all other subjects’ performances are clearly subjected to a decline. As concerns the
results obtained wearing a pressurized EVA glove, the lateral pinch shows a significantly decrement of all
subjects’ performances both in terms of number of cycles and degradation in time. Finally Figure 56 and
Figure 57 show the data collection related to the two and three fingers pinches; wearing the
unpressurized EVA glove seems to produce in these two cases little or no effect at all on hand
performances compared to the barehanded repetitions. In both this graphs the relative data clouds
results to be mixed together and almost indistinguishable; there isn’t any prevalence of one data series
over the others in certain areas. Moreover, also the total number of performed cycles, in barehanded
and unpressurized conditions, is almost the same. On the contrary, the effects of glove pressurization
are evident in both cases; the correspondent data clouds in Figure 56 and Figure 57 are clearly separate
from the other clouds. As regards the three fingers pinch task, the maximum strength performances
wearing the pressurized EVA glove drop between the 30% and 10% with respect to the barehanded
conditions and the number of executed cycles is also reduced. Regarding the two fingers pinch task, the
results are even worse: the maximum strength with the pressurized EVA glove drops down to 10% and
20% and the number of repetitions is drastically diminished.

Figure 59 provides a clearer and more statistical approach on the effect of the EVA glove on the number
of executed cycles for each task. In this graph the average number of executed cycles, with the
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Figure 59: Effects of wearing the EVA glove in different conditions on the total number of repetitions for different tasks
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Effect of glove on maximum force
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Figure 60: Effects of wearing the EVA glove in different conditions on the maximum force exerted for different tasks

associated standard deviation, is shown in the three different conditions: barehanded (light gray),
wearing the unpressurized glove (dark grey) and wearing the pressurized glove (white). It can be noticed
that, while the number of cycles with the pressurized glove is significantly reduced for all tasks, a slight
difference of the four behaviours is shown in case of unpressurized glove condition. In this case only the
tests related to the power grip and lateral pinch reveal a noticeable difference with respect to the
barehanded condition as far as the number of executed cycles is concerned. Observing the three fingers
pinch, the effects of the unpressurized EVA glove are not very significant. Finally, the results related to
the two fingers pinch result to be completely unpredicted: wearing the unpressurized glove the results
obtained are better than the barehanded ones, which is absolutely unexpected. On the basis of some
post-test declaration, this behaviour can be due to the fact that the unpressurized glove does not
particularly hamper this specific task and, at the same time, wearing an authentic EVA glove can provide
a boost of motivations for some people, improving the related performances.

Figure 60 shows the effects of the EVA glove on the maximum pressure value measured by grasping or
pinching the bulb syringe, which is directly correlated to the exerted force. For each different task
condition, the highest pressure measured for each test subject has been selected. In this graph the
average value of these measures, with the associated standard deviation, has been reported. It can be
noticed that wearing the pressurized EVA glove the maximum strength is reduced by about 80% (only
70% in the best case: the three fingers pinch); whereas with the unpressurized EVA glove only the power
grip shows a remarkable reduction, by about 40%, while the three pinching strengths are about 10% -
20% lower than the barehanded conditions.

Discussion of the results

The results obtained for the pressurized and unpressurized EVA glove will be discussed separately, since
they are strongly different.
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Figure 61: Comparison between the performances obtained by executing the power grip and the three-finger pinch tasks in
barehanded conditions (left) and wearing the unpressurized glove (right)

Unpressurized Glove

Although the results of the various tasks performed wearing the unpressurized glove may seem a little
bit puzzling, in particular regarding the pinches, they are in line with the previously done research.
Literature states that the grip strength is reduced by the 50% for men and by 30% for women in case of
unpressurized conditions, whereas the pinch strength is not modified [40]. Other studies also assess an
average strength reduction of 40% as regards grip force and a negligible effect on pinch force wearing an
unpressurized glove [33]. All these considerations lead to the hypothesis that the real problem when
wearing an unpressurized EVA glove may be its bulk, especially between the fingers, more than its
stiffness. Supporting this claim, the results of our tests show that, wearing the EVA glove in the
unpressurized condition, the performances related to the power grip, that involve the whole hand, are
almost the same associated to the three fingers pinch occurring when only three fingers are involved
(Figure 61). It can be supposed that the ring finger and the little finger were too far away, too weak or
too hampered to contribute in a significant way to the exerted force. Figure 61 shows the difference
between power grip and three fingers pinch, in barehanded conditions and with the unpressurized
glove, with regard to the maximum overall performance of the test subject as a percentage of MVC. It is
interesting to notice that the results coming from the barehanded condition present two distinct data
cloud, related to the three fingers and power grip: passing to the unpressurized condition, these two
clouds are completely overlapped. This may be due in part to the particular kind of grip and to the shape
and dimension of the bulb syringe used for the tests.

Pressurized Glove

Wearing the pressurized EVA glove, the effects on the hand are immediately perceived by the human
being as a very stiff, rigid and uncomfortable garment. The collected results show that the performances
drastically decline for all tasks performed in these conditions. The results are slightly different from
those found in literature. Several articles reporting tests executed on different models of EVA gloves still
state that performances decline when wearing an EVA glove, but not as dramatically. Some authors
report grip strength reduction by 70% in barehanded conditions for men and 50% for women and pinch
strength reduction by 25% for men and 20% for women [40]. Other authors report grip strength
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reduction by 55% with respect to the barehanded, while lateral pinch strength reduction by 14% and
two fingers pinch strength increasing by 15% when wearing a pressurized glove [37]. Finally, in another
study [33], grip strength is reduced by 47%, lateral pinch by 10% and two fingers pinch maintain the
same value of force measured in barehanded conditions. From the data collected during these tests, it
appears that pressurization restrains hand performances by about 80% to 90% of barehanded
performance for all tasks, which is a higher drop. There are many reasons for these differences, from the
different model of the glove to the fact that the left hand has been tested, which means that most of
the subjects used their weaker hand. Another point of interest is the shape of the grasped object; in
some cases, especially for pinch tasks, some subjects found it hard to hold the bulb syringe in the correct
position during the repetitions, due to its dimensions. Finally, in some cases, subjects would suspend the
task execution not due to fatigue, but because it was getting too painful to continue; they were aching,
either at the fingertip, in particular near the nails, or at the finger crotches because of the local stiffness
of the glove.

Measuring of Glove Stiffness

The goal of this series of tests was to measure the torque applied by the glove on each articulation of
the human hand. The knowledge of the magnitudes of the torques is very important in an exoskeleton
design because it became an important constraint on the elements that compound the device. On the
one hand, the actuation system needs to be able to overcome the stiffness of the EVA glove generating
a torque on the joints of the exoskeleton higher enough to compensate, in part at least, the opposing
force due to the various elements of the garment. On the other hand, the structure of the exoskeleton
has to be able to carry the internal stresses caused by the exchange of forces and torques between the
hand, the exoskeleton and the actuation system without deforming and/or breaking. The knowledge of,
at least, the order of magnitude of the exchanged torques is then a fundamental step to be able to
realize something useful and not dangerous for the user.

Several technological solutions could be utilized in order to measure the torque applied by the glove on
each articulation of the human hand. One of the main problems related to the choice of the
measurement setup is to be able to measure the desired quantities without interfere with the normal
functioning of the glove. During the hand activities the glove is bent in a continuous way along the finger
length; the glove is indeed composed only by flexible layers, as already explained, and the particular
shapes on which the joints are made cannot reproduce a discrete bending movement. When inflated,
the glove behaves like a pressurized balloon, which time by time distributes evenly the force applied by
the pressure on its surface. Constraining the movements of the finger into a discrete bending, only in
correspondence of the articulations, results therefore a strong restriction. It is also necessary to consider
that, if the measurement setup has to be inserted into the glove, it must not modify the dimensions and
the shape of the human hand. These are only some examples regarding the limitations that have to be
taken into account for the choice of the measurement setup. Two different series of tests, with two
different measurements setups, have been performed. In the first one a thin distributed pressure sensor
has been placed on the whole hand, while in the second one a robotic finger probe, equipped with
accelerometers, has been utilized to achieve the goal.

First Test: Experimental Measurement Setup

In this first test the torques applied by the glove on each articulation of the human hand have been
measured by means of a commercial sensor system: the Grip™ System [132] by Tekscan Inc. The Grip™
System measures static and dynamic pressure coming from grasping objects.
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The sensor is composed by a special ink, which works like a piezo-resistive material, placed between two
thin polyester sheets. On each sheet a series of conductive electrodes have been deposited in such way
that, once combined together, the two sheets create a grid-like pattern. The conductive electrodes of
one sheet cross the electrodes of the other one and, in correspondence of the junctions, the sensing
points have been realized. Each hand sensor has eighteen sensing zones grouped into five sensing

Sensing Region Hand Part #Zones
A Distal phalanx / Metacarpal head of index finger 6
B Middle and proximal phalanx 9
C Palm below the thumb 1
D Palm below the fifth finger 1
E Metacarpal heads 3, 4, and 5 1

Figure 62: Distributed pressure sensor GripT'VI (left) and the suggested sensor placement on hand or glove (right)

Figure 63: Distributed pressure sensor fixed on the latex glove
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regions Figure 62. Each region had to be separately calibrated and compensated. The sensor could be
directly used on a hand or attached on a glove. The system also comprises software that allows
calibration, real time visualization and post processing. It has been decided to fix the sensor on a glove
in order to keep it in place, granting a better repeatability of the tests. A latex glove has been chosen
due to its thinness, which does not add significant resistance, and to its close fitting, that guarantees a

Figure 64: The Test Protocol composed by the sequence of Four Hand positions: finger straight (top left), only first
phalanx bended (top right), first and second phalanges bended (bottom right) and second and third phalanx bended
(bottom left)
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good positioning of the sensors also with hands of different dimensions Figure 63. Once fixed the
distributed sensor on the glove, each sensing region has been calibrated by means of a series of
calibrated weights. Moreover, placing the sensing zones on curved shapes, like the fingers and the palm,
causes an initial bending of the sensor. This bending is measured by the sensor and interpreted like a
force acting on the sensor; it is necessary once worn the glove to bring all residual stresses to zero, in
order to minimize the measurements errors.

First Test: The Protocol

In order to measure the torque that the EVA glove applies to the human hand utilizing only a distributed
pressure sensor, it is necessary to define a series of standardized and temporized movements to know,
time by time, the attitude of each phalanx of the hand. The resistive forces and torques applied by the
glove on the hand are caused by a complex combined effect of the operating pressure and the
multilayer system. With every movement, the wearer fights against the internal pressure and the
friction between the layers; moving a single phalanx generates a global counter acting force that is not
only applied on that phalanx but partly act on the whole finger. Test procedure consisted in repeating a
series of predetermined movements of the hand; these movements were chosen in order to try to
partially decouple the complex effect of the glove on the phalanges of the fingers Figure 64.

The repetitions of the standardized movements were performed in free space, without grasping
anything in order to measure only the mechanical stiffness of the glove and no undesired external
forces. The operator had to perform the test procedure in two different conditions: wearing only the
latex sensorized glove and wearing the unpressurized EVA glove on top of it. In this case no test wearing
the pressurized EVA glove has been performed. Due to the fact that the goal of the test is to measure
the stiffness of the EVA glove, the execution done wearing only the latex glove can seem useless; the

v

: - e

Figure 65: Two examples of the instantaneous pressure distribution plotted on the Hand-Like graph obtained from the
acquisition system of the GripTM sensor
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main reason to perform the test in this condition is that, as previously mentioned, the sensor perceives
and measures a force also as a consequence of the bending of the various zones that compound it;
reproducing the test without the EVA glove allows to know, and then subtract, this effect to the other
test. A metronome provided the timing for the execution of the movements, in order to easier evaluate
the corresponding position of the data during the post processing. The sensor provided time by time the
value of pressure on each sensing point of each zone and represented it on a hand-like graph Figure 65.
With the sensor’s software it was possible to select a specific region of the hand and to calculate the
force acting on this area, as integral of the pressure, and the position of the correspondent center of
force during time. Knowing the position of the instantaneous center of force and the behaviour of force
in time, the torque can be easily obtained.

First Test: Results

After collecting all the repetitions for both test conditions, the results have been analyzed and processed
in order to achieve the final goal: obtaining the estimation of the torque applied by the glove on the
human hand articulations. At the end of the data acquisition, two files related to the two different hand
conditions and containing the behaviors of the pressures were obtained. Each file showed the behaviour
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Figure 66: First 40 second of data acquired related to the force applied by the EVA glove on the Index Finger (top left)
Figure 67: First 40 second of data acquired related to the force applied by the EVA glove on the Middle Finger (top right)
Figure 68: First 40 second of data acquired related to the force applied by the EVA glove on the Ring Finger (bottom left)
Figure 69: First 40 second of data acquired related to the force applied by the EVA glove on the Little Finger (bottom right)
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of the values of pressures for each of the 360 contact points, which compound the eighteen sensing
zone of the distributed sensor. For each phalanx of the fingers the data files were elaborated and,
knowing the dimension of the sensing area, the behaviorus of the forces have been calculated. At this
point the values of forces related to the two different conditions during time are known for each
phalanx.

The effective force applied by the glove on the hand, purged of the parasite effect due to the bending of
the sensing zones, could be easily obtained making the difference between the instantaneous values of

Figure 70: The Four Hand Position with respect to the behavior of a general data collection
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Figure 71: Behaviour of the position of instantaneous Centre of Force on each phalanx of the hand
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the two forces. From Figure 66 to Figure 69 the behaviours of the first forty seconds of each measured
force are shown. Each of those figures reports the three trends of forces related to the phalanges of a
single finger.

In each graph the red line is related to the forces applied on the proximal phalanx, while the green line is
the force related to the medium phalanx and, finally, the blue line is related to the distal phalanx. It can
be noticed that the trends of forces are quite periodic, due to the repetition of the standardized
movements; furthermore, values related to the four different positions of the hand can be clearly
distinguished Figure 70. From the data files, which contain the pressure values, the instantaneous
centers of forces, for each phalanx of each finger of the hand, could be obtained. Figure 71 shows the
position of the centers of forces on each phalanx, plotted inside a hand like graph, in order to be easily
understandable. This graph shows the same color setup related to the phalanges, already used in the
previous. Knowing the behaviour of force and distance, time by time, between the articulation’s joint
and the center of force, the instantaneous value of the torque can be calculated. From Figure 72 to
Figure 75 the behaviours of the torque of each phalanx are shown; each of these figures shows the
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Figure 72: Behaviour of the first 40 second of torques applied by the EVA glove on the Index Finger (top left)
Figure 73: Behaviour of the first 40 second of torques applied by the EVA glove on the Middle Finger (top right)
Figure 74: Behaviour of the first 40 second of torques applied by the EVA glove on the Ring Finger (bottom left)
Figure 75: Behaviour of the first 40 second of torques applied by the EVA glove on the Little Finger (bottom right)
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Figure 76: Torque selector and the behaviour of the torques related to the four different hand positions

torques related to the three phalanges of a single finger. For each trend of torque, corresponding to a
specific phalanx, the torque values related to the four different hand positions have been distinguished
through a selector signal specifically made on the basis of the instant of time (Figure 76).

At this point, for each torque signal four different trends corresponding to the four different hand
positions, have been obtained. From each trend of torques previously obtained, all local maximums
values have been taken. From Figure 77 to Figure 80 the average values, with the associated standard
deviation of all set of maximum values are shown. Each figure is related to a single finger and shows
three series of bars, one for each phalanx. Each bar represents the mean value of the peaks of forces
and the associated standard deviation in the four different finger positions: finger straight (dark grey),
only first phalanx bended (light grey), first and second phalanges bended (white) and second and third
phalanx bended (variable gray).

Some considerations related to these results must be done. As it can be easily seen, each phalanx of
each finger was differently influenced by the EVA glove and, at the same time, the corresponding
phalanges of different fingers (e.g. all the proximal) show different effects against the four hand
position, without a completely predictable trend. Some common traits can be observed between the
four graphs. First of all, it can be noticed that the mean values of the first and the fourth hand positions
are, in general, smaller than the other two. This result is easily understandable because the first position
involves only the bending of the first phalanx and the fourth is the finger strait position, while both the
others involve the bending of two phalanges. The only exception of this trend is the value of the medial
phalanx of the middle finger that reaches an unpredictable high value. It can be noticed a non-null
torque, applied by the glove on the hand, also in the straight position. This effect let to understand that
the multilayer garment applies contact forces on the hand, independently from the position, as a
consequence of its structure. It can be supposed, that this effect acts like an offset on the others
resultant torques. Another effect can be noticed: starting from the index finger, the mean values of
torques decrease going to the side of the hand, reaching the lowest values in correspondence of the
little finger. The medial phalanx is the most stressed for the index, middle and ring finger; vice versa for
the little finger the most stressed phalanx is the distal. The highest obtained torque is related to the
index medial phalanx during the position with first and second phalanges bended with a value of around
0.9 Nm. The obtained values of torques result to be incredibly high considering that they only come
from an unpressurized glove.

It has to be considered that the human finger is not exactly like a rigid robotic structure; its soft and
partially elastic skin and flesh change the bulkiness of the various phalanges of the fingers during
movements. In the measurement setup each sensing element is placed on the bottom part of each
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Figure 77: Average values and associated standard deviation of the maximum torques applied on the Index finger phalanges
during the four position of the hand protocol.

Figure 78: Average values and associated standard deviation of the maximum torques applied on the Middle finger phalanges
during the four position of the hand protocol.

Figure 79: Average values and associated standard deviation of the maximum torques applied on the Ring finger phalanges
during the four position of the hand protocol.

Figure 80: Average values and associated standard deviation of the maximum torques applied on the Little finger phalanges
during the four position of the hand protocol.

phalanx; during the movements two adjoining sensing zones could touch together, measuring a virtual
effect due to the contact between the two phalanges. This effect has been partially compensated by the
measures performed wearing only the latex glove and subtracting its trend from the values obtained
wearing the EVA glove. However, the EVA glove has its own bulk that, during the interaction with the
human hand, could cause a similar effect to the previously explained. This effect could increases the
torque measured and cannot be easily distinguished from the true value, caused by the real stiffness of
the glove. On the basis of that, obtained values are probably overestimated. For this reason this
typology of tests were not reproduced wearing a pressurized EVA glove. It has been decided to develop
a new experimental setup in order to overcome this problem.

Second Test: Experimental Measurement Setup

In this second test the torque applied by the glove on each articulation of the human hand has been
measured by means of a home-made tendon actuated finger probe, equipped with sensors and able to
measure the relative position of each joint. The finger probe, shown in Figure 81, is a robotic structure
composed by 3 DoFs and four links that aim to emulate the kinematic structure of the human finger. The
device allow only the flexion and extension movements, whereas the DoF related to the abduction has
been completely neglected. The finger probe will substitute the human finger during the tests inside the
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Figure 81: The finger probe

Finger Probe Main Dimensions [mm)]

Link
0 1 2 3
l |26 22 20 | 18
d 50 20| 25
h, 23 17
hg 175 |15 | 14

Figure 82: Main dimensions of the finger probe

EVA glove, allowing the operator to measure the position assumed by each phalanx as a consequence of
a well-known actuation input. Since the main idea is to place the device inside the EVA glove and to
emulate the human index finger, the dimension of the finger probe have to be as similar as possible of a
human index finger. The study on the biometric parameters of the human hand could provide the
information needed; however it is important to remember that the EVA gloves are actually custom-
made, and then it has been decided to design the finger probe able to perfectly fit inside the Orlan-DM
in our possession. This approach is applicable to any other EVA glove, by using elements which enable
size variations of the device. Figure 82 show the main dimensions of the realized finger probe. For each
phalanx, there are two quantities that have to be known in order to be able to measure the stiffness of
the EVA glove: the torque applied by the actuation system, and the equilibrium angle reached by the
phalanges during the interaction with the EVA glove. The obtained bending angle is the position in which
the glove compensates exactly the torque provided by the actuation system. In order to obtain the
torque applied by the glove on each “phalanx” of the device, each DoF has to be actuated
independently. The actuation has been done by applying a well-known force on the tendons; knowing
the dimensions of the device, the torques applied on each joint could be easily obtained from the
tendon tensions. Along the entire structure, a series of holes and pulleys have been designed in order to
house and keep in position the three wires needed to transmit the forces and to actuate the three DoF
of the index finger in the sagittal plane. Three small slots, one on each phalanx of the finger probe, have
been designed in order fix the end of each wire. Figure 83 show the system of pulleys placed into the
three joints. On the MCP joint three coaxial pulleys have been designed; one of them is fixed and
integral with the proximal phalanx, while the others two can rotate independently, guiding the other
wires towards the other phalanges. A similar situation is shown on the PIP joint where there are two
pulleys, one of them is fixed with the middle phalanx and the other is free to move. Finally, in the last
joint, the DIP, there is only a pulley fixed and integral with distal phalanx. Moreover, small threaded
holes have been designed on the lateral side of the phalanges in correspondence of a specific joint
angle. The holes are designed to fix each phalanx into a specific position. This solution permit to study
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the behavior of the torques required flexing each phalanx when the others are kept into a specific
position. The proximal phalange can be fixed at the angles of 0°, 30°, 60° and 90° and the middle
phalange can be fixed at the angles of 0°, 40° and 80°. Finally the finger probe is mounted on a base with
which it could be fixed on a breadboard. The two legs of the frame allow the height and orientation to
be adjusted on the base of the needs. Figure 84 show the realized finger probe in front of and inside the
glove box. The finger probe is equipped with a series of sensors that have to measure the instantaneous
position of each phalanx of the robotic structure. To accomplish this task three accelerometers have
been used as gravitometers. The angle of each phalanx is measured by sensing its orientation with
respect to the gravitational acceleration g. In order to measure the relative direction of the gravitational
acceleration, a commercial accelerometer has been employed: the ADXL237. This is a very small and low
power, complete 3-axis accelerometers manufactured by Analog Devices Inc. This sensor is a MEMS
device that senses accelerations within a range included between +2g and generates a proportional
analog voltage output. Given the reduced range of acceleration and the high accuracy (420mV /g) of the
device, the ADXL327 is suitable for static gravitational acceleration measurements in tilt sensing
applications. Another important aspect of this sensor is the small and low profile (4x4x1.45 mm)
package that can be easily installed in the small empty space of each finger probe phalanx.

To host the complete MEMS system a mini-PCB prototype has been designed and fabricated. The PCB
comprises three additional external capacitors (Cy, Cyand C,) which are required by the device to
impose the read-out bandwidth for each of the three output channels. Finally a fourth filtering capacitor
Cpc has been placed to reject the power supply noise and ripple. In this specific case, due to the fact
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Figure 85: The mini-PCB installed on he distal phalangé of the fi.nlger probe on a thin film of Kapton®
that a dynamic measurement is not required, the output channel bandwidth could be reduced up to
10Hz and filter out the noise contribution with three SMD capacitors, with a capacity value equal to
0.47uF. As suggested by the manufacturer data sheet, a 0.1pF capacitor is chosen for Cp.. The
mechanical design of the finger probe imposes the dimensional constraints of the PCB area limiting it to
an overall 16x9 mm size. The mini-PCB has been designed as double layer; the top layer maps all the
components footprints and routes all the interconnections, while the bottom layer is the uniform
ground plane. By means of a thin film of Kapton, the bottom of the mini-PCB has been isolated from the
metallic part of the phalanx of the finger probe in order to avoid short circuits and electrostatic
discharges, hence decrease the fail probability of the sensitive accelerometer. The three output
channels are then connected to a National Instrument Acquisition Data, allowing to acquire and to
process the trend of the bending angles. Figure 85 show the complete mini-PCB prototype mounted on
the distal phalange of the finger probe, and un-mounted.

Second Test: The Protocol

The test protocol in this case results to be very simple; applying a series of well-known tendon tensions
the phalanx bent and the relative angles of each joint of the finger probe were then measured using the
accelerometers and the acquisition system. Once the trend of the applied torques and the angles are
known, the behavior of the glove stiffness could be obtained. In order to be able to understand and
evaluate the effect of the differential pressure on the stiffness of the EVA glove, all the tests were
performed in three different pressure conditions (Ap): non pressurized (Ap = Obar), partially

Figure 86: The sign convention of 0p, 0y and 0y,
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pressurized (Ap = 0.2bar) and fully pressurized (Ap = 0.4bar). Each performed test was repeated at
least three times in order to increase the precision. To test the MCP joint stiffness, different tendon
tensions were applied on the proximal wire which is directly connected to the proximal phalange, while
other phalanges are kept free to rotate. The test starts from null tension and increases with a
predefined interval. For each tension applied, the angle of the MCP joint has been measured and
recorded by means of the previously exposed sensor. For the PIP joint, the tendon tensions were
applied on the middle wire that is fixed with the middle phalanx. While the distal phalange is left free to
rotate, the angle between the proximal and middle phalange is fixed at different values (0°, 30° and 60°)
and tests has been performed for each pressure condition. Finally, for the DIP joint, the distal wire is
actuated and the tests are performed for each combination of MCP joint angle (0°, 30° and 60°) and PIP
joint angle (0°, 40° and 80°). In total, 9 tests have been performed for different combinations of the
joints angles with regard the DIP joint.

Second Test: Results

All the data collected were analyzed and processed in order to obtain the relationship between the
bending angle of each joint and the torque applied on each articulation. The actuation system generate
a traction force trough the tendons of the transmission, thus, knowing all the geometrical parameters of
the device, it was possible to calculate the arm of the forces for each phalange in each conditions and
then the value of torque applied on each joint. All the following results and graph show the behaviour of
the angles of each phalange as a function of the applied torques for each angle composition. The three
angles shown in the following graphs and called 8, 8, and 6 are respectively the bending values of
the proximal, middle and distal phalanges with respect the previous one; Figure 86 shows this
convention. In the following part the tests and their results related to pressurized and non-pressurized
condition will be presented separately. Finally the effect of pressurization, comparing the fully
pressurized with the partially pressurized will then be described.

Non Pressurized conditions

The first series of data acquired and shown here is related to the MCP joint. The study of the MCP joint
involves only one configuration due to the fact that the two following articulation are both keep free to
move without a fixed position. Four set of data were acquired during this test and are shown in Figure
87. For each repetition the best-fit curve was obtained using a specific MATLAB code. The graph
correlates the values of torques applied on the MCP joint with the bending value of the proximal

MCP Joint, (Torque-8,), Non-Pressurized Test

Torque (Nm)

B;, Angle of Proximal Phalange (Degree)

Figure 87: Torque vs. angle of the proximal phalange 8 p in non-pressurized conditions
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phalange: 8p. The obtained results show that, due to the effects of the multilayer system of the EVA
glove, the stiffness in non-pressurized conditions result to be strongly nonlinear.

The second series of data acquired and shown here is related to the PIP joint. The study of PIP joint
involves three different configuration based on different fixed position of the MCP joint. As previously
reported the proximal phalange can be fixed at the angles of 0°, 30°, 60° and 90° but the fourth position,
with 8p = 90°, resulted impossible to be inserted inside the glove; for that reason only the other three
configurations were taken into account. Figure 88 shows the data collected in the three different angle
configurations. Also in this case multiple repetitions were performed. it was decided to do not show all
the point of each test but only a mean repetition, in which the graph show the mean value of the
measurements for each torque value. It can be noticed that without applying any torque to the middle
phalange, when the MCP is equal from 0° to 30° and 60°, the PIP result to be equal to 22° to 12° and 0°.
This means that the angle measured in the zero torque condition decrease when the MCP increases.
This is probably due to the counteraction of the finger glove during flexion, which tends to be straight,
extending the middle phalanx. The easily visible shifting of the results obtained also in correspondence

PIP Joint, (Torque-8,,), Non-Pressurized Test

Torque (Nm)

-10

8,4, Angle of Middle Phalange (Degree)

Figure 88: Torque vs. angle of the middle phalange 6, for three values of 8p in non-pressurized conditions
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DIP Joint, (Torque-8;), 8,=0°, Non-Pressurized
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Figure 90: Torque vs. angle of the distal phalange @, non-pressurized conditions

of higher values of torques probably occurs for the same reason. It has been decided to perform a data
interpolation in order to generate a surface able to describe the behaviour of the torque as a function of
the two bending angles 8p and 8,,. Figure 89 shows the obtained result both graphically and
analytically.

The third and last series of data acquired is related to the DIP joint. The study of DIP joint involves nine
different configurations based on different fixed position of the MCP and PIP joints. Both MCP and PIP
can be fixed at three specific values; these angles are 0°, 30° and 60° for MCP and 0°, 40°and 80° for PIP.
Figure 90 shows the data collected for the nine different configurations; each of the subfigure reports
the three series of data related to a specific value of the MCP joint. The subfigure placed on top shows
the behaviour of the torque with 8p = 0°. It can be noticed that, with the same value of torque applied
on the DIP joint, the rotation angles result to be higher when 8,; = 40° compared to 8,; = 0° and
8y = 80°. There is no clear positive correlation between the torque applied on the DIP joint and its
bending angle in this specific configuration. However, in the other two subfigure (6, = 30°and
8, = 60°), this positive relation can be noticed and, in particular for 6p = 60°, result to be very clear
and defined. In order to explain the behaviour just described, the following hypothesis can be
formulated involving the interaction between the layers of the multilayer structure. The glove layers are
not perfectly fitted in each finger position; on the contrary they are folded or stretched at different
points and in different ways depending on the angular combination of the three articulations. When
MCP and PIP joints are fixed at zero degree the stiffness curve of the DIP joint results to be shifted
toward the left; this effect is caused by the strong interaction between the layers of the glove. Although
this translation causes the rotations angles to be lower and the derivative of the curve, which is the
stiffness, does not change significantly. Vice versa, when the MCP and PIP are fixed to their maximum
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DIP (Torque-0y-08p), 0p=30, Non-Pressurized
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Figure 91: Interpolation surface describing the torque of the DIP joint non-pressurized conditions

values, the stiffness value increase sharply since low values of torque. In fact, when the previous
phalanges are bent, the external surfaces of the glove come partially into contact with itself, increasing
the perceived stiffness. Also in this case, given the values of 8p, 8,, and 8, a data interpolation has
been performed to describe the behaviour of the torque required to flex the distal phalange as a
function of the bending angles. Since 7 is a function of the three bending angles, in order to show a
graphical representation of this equation is mandatory fix one of them. Figure 91 show the equation of
the surface and the graphically representation fixing 8p = 30°.

Pressurized conditions

All the tests performed within unpressurized conditions were then repeated pressurizing the EVA glove,
with a differential pressure of 0.4 bar. Also in those conditions the first series of data acquired is related
to the MCP joint. Figure 92 shows four set of data and correlates values of torques applied on the MCP
joint with the bending value of the proximal phalange. Comparing the results of tests related to MCP

MCP Joint, (Torque-8,), Pressurized (0.4 bar)
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Figure 92: Toraue vs. angle of the proximal phalange 0 in pressurized conditions
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PIP Joint, (Torque-8,,), Pressurized (0.4 bar)
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Figure 93: Torque vs. angle of the middle phalange 8, for three values of 8p in pressurized conditions
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Figure 94: Interpolation surface describing the torque of the PIP joint in pressurized conditions

joint in unpressurized conditions (Figure 87) and the pressurized conditions, it can be noticed that the
stiffness in the second case shows a much more linear behavior with respect the first one. This change in
the behaviour is due to the effect of the pressurization on the layers of the glove. Under the effect of
pressure the three layers (bladder restraint and TMG) tend to remain extended and in contact one with
each other and their folds, which are the main cause of the non-linearity, are eliminated. For what
concern the angular displacement in view of the torque excitement; it can be noticed that the bending
angle related to the pressurized conditions results to be far less than the ones relate do the
unpressurized conditions. In particular, it is noteworthy that applying a torque of 1.8Nm generates a
rotation of about 15° in pressurized tests, against of about 70° of the non-pressurized ones. The
application of a delta differential pressure increase strongly the stiffness of the glove related to the
proximal phalange.

Also in this pressure condition the second series of data acquired is related to the PIP joint. Figure 93
show the data collected in the three different configuration of MCP.
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DIP Joint, (Torque-8,), 8,=0°, Pressurized (0.4 bar)
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Figure 95: Torque vs. angle of the distal phalange 8, pressurized conditions
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Due to the counteraction of the glove, which tend to remain straight, when the proximal phalange is
bent the middle phalanx is extent; this effect cause the shifting of the curves diminishing the values of
the angles )y when 8, increases. Also in this case it has been decided to perform a data interpolation to
obtain a surface able to describe the torque required to flex the middle phalange for each combination
of 8, and 6. Figure 94 shows the obtained result both graphically and analytically.

The third and last series of data acquired is related to the DIP joint. Figure 95 show the data collected for
the nine configurations. Also in this case each of the subfigure reports the three configuration of PIP
joint related to a specific value of the MCP joint. The test results related to 8p = 60° show three curves
that are distinctly separated. On the contrary, in the other two subfigure concerning 8, = 0° and
0p = 30°, the cloud of data are partially overlapped. The reason for the strong non linearity shown in
this test has to be researched in the complex structure of the glove and in the interaction between the
pressurized layers. Finally the Figure 95 shows that the trends related to 8,, = 80° are sharper than the
others. It means that in those specific configurations the folded layers in the preceding phalanges
generate a great stiffness on the distal phalange. Given the values of 8p, 8, and 6jit is possible to
obtain the surface able to describe the behaviour of the torque acting on the distal phalange. Also in this
case, since T is a function of three angles, it has been decided to fix one of them in order to show a
graphical representation. Figure 96 show the equation of the surface and the graphically representation
fixing 8 = 30°.

Effect of Pressure

In this last part the effects of pressurization on the glove stiffness have been analysed. Two different
pressure values have been compared; it has been decided to paragon the fully pressurized
configuration, differential pressure equal to 0.4 bar, with the partially pressurized configuration,
differential pressure equal to 0.2 bar. In order to observe the effect of pressure on the glove stiffness, all
the graph show comparison between the joint angles obtained, applying the desired torque, in the two
different pressure conditions. As could be seen from Figure 97 to Figure 99, differential pressure has
enormous effect on the compliance of the EVA glove.

Figure 97 show the effect of pressure on the MCP joint. It can be appreciated that the difference
between the two curves is very noticeable; 6p decrease to at least half to up one third when the
differential pressure is doubled. Figure 98 and Figure 99 show the effect on the PIP and the DIP joint
respectively. In this case the effect between them is very similar, but it result to be strongly reduced
with respect the MCP one. In order to analyse the effect of the pressurization on the PIP and DIP joint, it
has been decided to acquire only one configuration among all the possibilities granted by the finger

MCP Joint, Effect of Differential Pressure
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Figure 97: Torque vs. angle of the proximal phalange 6p in the two pressure conditions
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Figure 98: Torque vs. angle of the middle phalange 8, in the two pressure conditions
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Figure 99: Torque vs. angle of the distal phalange 8, in the two pressure conditions

probe, fixing the other articulations at 0°.

The MCP joint shows quite linear stiffness behaviour in both the curves. On the other hand, both PIP and
DIP show an initial overlapping, due probably to the effects of interaction between the elements of
multilayer system that constraint the movement preventing the flexion. Increasing the torque the

effects due to the internal interaction became less incisive and the pressurization acquires the main role,
influencing the stiffness in a stronger way.
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CHAPTER 5:

“A human being will always suppose that, the more
human a robot is, the more advanced, complicated, and
intelligent he will be.”

Isaac Asimov, 1983

THE EXOSKELETON

As already introduced, the present study aims to develop a prototype of a hand exoskeleton designed to
help astronauts during EVA missions, able to overcome the stiffness of the pressurized spacesuit,
enhancing the strength of the human hand and reducing the overall fatigue required during tasks. The
realization of a hand exoskeleton able to grant a high level of dexterity, and small enough to be really
utilizable, results to be a very complex objective which presents several problems, sometimes
completely unexpected. During the design and the implementation of a hand exoskeleton made for EVA
missions it may run up against plenty of difficulties, mainly due to the extremely complex structure of
the human hand and to the extreme environment in which the device is intended to work. Different
typologies of devices could be realized in order to reach the goal aimed; different kinds of technologies,
components and strategies can be utilized and assembled in order to cooperate towards the final goal,
each of them with different strength and weakness.

The possible alternatives of installing the exoskeleton outside the EVA glove instead of inside it, or of
realizing a sort of remote robotic hand instead of a true exoskeleton, would change completely the
constraints and the issues that have to be taken into account during the preliminary study and during
the development of the device. As explanatory example, the choice to realize an exoskeleton which has
to be embedded inside the EVA glove, changes the application environment of the project from the
space to the glove. This means that some problems and constraints related to the space environment
become less incisive or can be completely neglected, because they are already screened by the
protective multilayer system of the TMG; on the contrary, other issues, like dimensions and working
space, arise, becoming much more important.

The present section briefly analyses the main constraints and the consequents preliminary design
choices related to the application scenario of the project.

Dimensions, Weight and Working space
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The exoskeleton dimensions and weight are two of the main constraints in this project. Limited mass
and inertia are important requirements for the device because they strongly influence the ability of the
human being of performing manipulation tasks. Moreover, size and mass result not only involved into
the shape and aspect of the structure, but they are also a major constraint on the choice of each
component that compounds the device, in particular those related to actuation system and structural
materials. As already shown in the state of art, nowadays exoskeleton found in literature or
commercially available result to be generally bulky and heavy, because they are built for tasks, such as
rehabilitation or virtual reality, that do not require strong size limitations. In this project, on the
contrary, designing a device as small as possible is fundamental, in particular if it is planned to be
embedded it into the glove, which became the size limiter.

Another critical point in the development of a hand exoskeleton is related to the extremely wide
possibilities of movement and typologies of grips that the human hand can perform. It results to be
unthinkable to realize a robotic device that does not impede the hand movements at all, but, at the
same time, it is mandatory that the device does not impose excessive restrictions to the hand dexterity,
limiting the overall working space. Enhance the performances granted by the EVA glove would be a good
result for the hand exoskeleton. Some examples of constraints, related to the dexterity problem, could
be provided, taking into account only the shape of the structure of the exoskeleton. First of all, the palm
should be as free as possible in order to avoid limitation of the ability to grasp and handle object, so it is
strongly preferable to place all the bulky components on the back of the hand. Furthermore the lateral
thickness of each finger must be reduced in order to allow all movements related to the finger
abduction — adduction. These represent only some examples of limiting factors on the structure and on
the technologies that can be used.

It is necessary to consider that today’s EVA gloves are not designed to be filled of robotics components
in addition to the human hand, but they are usually realized to fit as best as possible the specific
astronaut’s hand. Considering this, in the future it would be required to redesign completely the glove
itself, granting more space to place components and realizing a garment able to coexists with a robotic
device. Some dimensions could be increased and some elements could be completely removed: for
example, inserting a robotic device into the exoskeleton no more restraint layer will be needed. This
would probably be an essential further step in case the hand exoskeleton becomes a standard
component of the astronaut’s equipment.

Degree of Freedom and Joints

As already exposed, the hand is a very complex limb with 23 Degrees of Freedom placed in a significantly
reduced space. It is difficult to faithfully reproduce every possible movement by means of a robotic
structure, especially under the constraints related to weight and size analysed above. Another big
challenge arises considering the first joint of the thumb that causes the displacement of a great portion
of the palm. Therefore two requirements are in conflict one with each other: the desire to ensure high
dexterity to the operator, realizing a structure with an elevated number of DoF and able to reproduce
faithfully the motion of the hand, and the need to create a device with limited size and weight. Since it
will be hardly possible to actuate and sense 23 DoFs in an appropriate way, and conversely it would be
useless to create a basic device with few DoFs unable to really help the operator, a compromise should
be found. Analysing the various movements which the hand has to perform during typical tasks and
studying the intra and extra constraints of the human hand, the number of active DoFs of the
exoskeleton can be reduced using appropriate kinematic dependencies and passive joints.

Furthermore the articulation itself results to be another critical point related to the human hand. The
finger phalanges rotate around an axis located inside the finger. Logically, in order to replicate the
movement of the operator’s finger avoiding mechanical interference between the human being and the
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robotic device, the positions of the two centres of rotation have to be the same. If the actuation system
could be placed on the side of the finger, applying directly the motion on the articulation, the latter
exposed problem would be trivially solved without particular tricks. However, if the actuation system is
placed on the back of the hand in order to reduce the lateral thickness of each phalanx, the actuating
structure becomes more complex because it has to lengthen and shorten during finger movements, in
order to guarantee the correct instantaneous centre of rotation.

Space Environment

Space is a highly dynamic environment that presents many threats related to several different aspects
[133]. All the various factors must be taken into account designing a robotic device and, in particular in
the choice of the different components and materials that compound the exoskeleton. The glove, and
the suit in general, guarantee a certain level of protection from a wide range of effects through the TMG
multilayer system. Despite the protective layers, some problems related to the space environment, such
as cosmic dust, electromagnetic interferences, high temperature variations, micro-meteoroids still
persist.

Cosmic dust is a variety of dust composed by very small particles which are molecules up to 0.1 um in
size. These dust particles are able to penetrate through the seals of the space suit, thanks to the
extremely reduced dimensions, causing many problems to the astronaut’s health or the mechanical
components; cosmic dust is a well-known problem that affects every EVA mission made on the planet
surface since the first moon landing [31, 32]. Electromagnetic interferences are due to many causes in
the space: solar activities, high energy particles, electromagnetic radiations and space plasma can
degrade or damage all the electronic devices and also generate a high background noise possibly leading
to permanent damage and component failure. Sensors in particular are very sensitive to these effects
because the high level of background noise can cause wrong data acquisition and make useless the
information obtained. Micro-meteoroids are small particles, made of various types of materials, which
travel with high relative velocity through space. Despite the mass of these particles are usually very
small, the high velocity generates an elevate kinetic energy that can result dangerous upon direct
impact. Another important indirect effect of the space scenario is represented by the strict
requirements in terms of energy consumption needed to work in this specific environment; it is very
important to reduce as much as possible the energy consumption of all the components in order to
increase autonomy and allow the use of smaller batteries. Finally, in order to guarantee a high safety
level to astronauts during their activities, the space companies imposed a series of constraints, limiting
the technological possibilities for components to be used into space environment and in the spacesuit in
general. For example, devices based on high pressure fluids, like pneumatic or hydraulic actuators, were
forbidden and cannot be used inside a spacesuit.

Main idea and overview of the possibilities

In order to simplify the approach towards a hand exoskeleton it has been decided to start from the
realization of a single finger exoskeleton, which represents the first approach towards the final device.
The modular structure of the human hand allows a single finger device to be realized and then
replicated on each human finger, with the appropriate wisdom. The design of the finger exoskeleton
already includes all the requirements for the whole hand exoskeleton: it has to support the finger
movements, ensure the correct kinematics and it must not interfere with the palm or with the other
fingers of the hand.

As already explained, the human finger is composed of three articulations, distal-interphalangeal (DIP),
proximal-interphalangeal (PIP), metacarpophalangeal (MCP), and of four phalanges, distal, middle,
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Figure 100: Three possible solutions to overcome the problem of the finger crotch: sliding concentric surfaces (left), four bars
mechanism (middle) and asymmetric design (right)

proximal and metacarpal phalanx. Each finger can be modeled with a kinematic chain composed of four
links and four DoFs. Three of them are related to the flexion-extension movement and one is related to
the adduction-abduction movement. At this stage it was decided to neglect the DoF related to the
adduction-abduction movement and kept passive. Thus it was realized a concept model composed of
only the three DoFs which have parallel axes. The MCP articulation presents another problem, which
result to be probably the biggest difficulty related to the mechanical design of the finger structure: the
crotch. The webbings between fingers impose strong restrictions on the location and shape of the
elements of the device and require the designer to look for non-trivial solutions. Figure 100 shows three
possible solutions to overcome the crotch problem; as it is easily understandable, the complexity of the
device, in correspondence of the first finger joint, increases sharply. It is mandatory that the center of
rotation of the mechanism related to the MCP joint must be coaxial to the corresponding human joint. It
should be noted that the main concepts are applicable to any finger of the hand (and to any similar
serial structure). Only the final design will require distinctions between fingers, because the relative
position of each finger inside the hand needs different solutions. For example the third solution showed
in Figure 100 (right) could be only applied to the index finger and to the little finger because it requires a
completely free side of the finger on which being mounted. As already mentioned, in this project a key
factor is to carefully plan the bulk of each element of the design in order to avoid self-interference and
to guarantee the desired high level of dexterity and grasping. All mentioned concepts can be generalized
and applied to different solutions that maintain the general idea of a finger exoskeleton.

The human knuckles are not pure rotational joints. They have a behaviour which is more similar to a
sliding convex-concave couple of profiles with different and varying radii, as shown in Figure 101 [134].
The faithful reproduction of this type of joint is an unnecessary complication in the design and would be
excessively demanding in terms of size and weight. A pure rotational joint is an acceptable compromise
between simplicity and faithfulness, which guarantees a kinematical behaviour very similar to the real
one, since the human finger has enough flexibility to compensate such small differences without
problems or risks. Three different solutions to design pure rotational joints were analysed: traditional
joints, virtual joints and no joints. Traditional joints, i.e. a classic coupling of two or more rigid elements,
such as a hinge, have the advantage of ensuring the right kinematics and allowing the distribution of a
large part of the resultant forces directly on the structure; this solution is demanding in terms of
dimension and weight. The “no joints” solution is the best one in terms of dimension and weight, but it
has some disadvantages: first, the entire resultant forces act on the finger and stress the articulation,
while only the human finger guarantees the correctness of kinematics. Finally virtual joints are elements
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Figure 101: Human knuckles Behaviour

that ensure kinematics without being true joints, such as elastic components, e.g. flexures; they are a
compromise between traditional joints and the “no joints” solutions.

The Wire Actuated Solution

Robotic devices like exoskeletons can differ one from each other for their initial requirements and
constraints, for their general architecture and finally for the elements composing them. Once the
architecture is set, actuation and transmission constitute two of the fundamental elements that
characterize every robotic structure. For the first concept of the device a specific typology of actuation
and transmission system has been considered: the single effect wire actuation. This is an asymmetric
transmission system made up by a series of wires that act the structure only in one direction. This kind
of actuation system was chosen in order to minimize the dimensions and weight of the final device
because, as already explained, the bulk of the device is a fundamental requirement for this specific
project. Cable (or wire, or tendon) actuation is widely used in robotics, in particular for parallel
manipulators or robotic hands. Several examples of parallel manipulators can be found in literature: the
WiRo [135, 136], WARP [137], NIST Robocrane [138], Falcon-7 [139]. Extensive theoretical work was
performed by J.P. Merlet [140, 141, 142]. Regarding robotic hands, the Shadow Hand [143] and the DLR-
Hand Il [144] are two very important examples of the state of the art. The main advantage of using wire
actuation is represented by the possibility of lightening the most critical points, by placing the actuators
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in a less problematic position. An explanatory example of this possibility is the Shadow Hand where all
the actuators, i.e. pneumatic muscles, are placed in the forearm thus realizing a human sized robotic
hand. The obvious inconvenience of the use of a wire actuated device is that the cables can only work by
traction: therefore, special solutions are required to obtain the complete control of each Degree of
Freedom (DoF).

In order to overcome the problem of traction and still maintain the reduced complexity of the device, it
was decided to study a single effect actuation. Therefore, each DoF of the robotic structure is actuated
actively only in one direction, while the recall movement is effected through passive elements, e.g.
elastic components. As mentioned before, wire actuation allows dimensions and weight to be reduced
by keeping the actual device unhampered. Moreover, the placement of the actuation system in a non-
critical position means that it can be neglected completely during the first steps of the design and its
actual definition postponed. Furthermore, the intrinsic stiffness of the EVA glove, caused by its multiple
layers and its internal pressurization, allows the realization of the single effect strategy. The glove itself
can act as the passive elastic element to perform the return stroke. This choice simplifies the structure
and the actuating system greatly and contributes in part achieving the goal of lightness and reduced
dimensions. This analysis can be applied to any joint solution (true, virtual or no joint), provided that
there is an element which ensures extension movements, e.g. an elastic element, otherwise, the whole
concept of “single effect” cannot be applied. The transmission proposed here is achieved by mono-
directional tendons (wires), which pull each phalanx (or link) only in its flexion movements. The
extension movement is guaranteed by passive elements coaxial with the joints. A possible example of
passive elements could be achieved by a series of elastic elements placed at the joints. These elements
can represent a real elastic component, e.g. a torsion spring, or any element that can be modelled like
an elastic component, e.g. the intrinsic stiffness of the EVA glove.

Tendon transmission allows using as little space as possible in correspondence with joints and links, by
placing the actuation system in a non-critical position, for example the forearm. For this reason, the
actuation itself is not treated in this study, since we are considering having any means of applying a
controllable motion and tension to the wires to create transmission. This solution considers that, in this
project, the actuation and transmission system cannot be directly linked to the joints. The wires pass
through the links and are fixed to their “final” link without guaranteeing a fixed arm with respect to the
joints. This assumption means that the concept could also be generalized both for virtual joints and “no
joints” solutions, where it is not possible to impose the passage of the cables through a point that is
fixed with respect to the joint. This choice has two main consequences: the minimum distances between
the cables and the joints will not remain fixed during movements, and the passage of the cables through
the center of rotation of the joints cannot be imposed. Figure 102 shows the differences between the
classical wire actuation with access to the joint (left) and the solution proposed in this paper with no

Figure 102: Wire actuation with (left) and without (right) access to the joint
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Figure 103: Concept structure with micro-machined holes (left) and with micro-pulleys (right)

access to the joint (right). These assumptions also imply that the movements of the joints cannot be
decoupled from one another, thus transmission of the joint i also acts on the previous i-1 joints.

The above discussion provides a series of motivations for each choice and a functional idea of each
element of the future physical device. This means that a family of devices could be unified under the
same previously treated “guidelines”, independently from the specific technological solutions. The
choices to place real springs or not, to allow the passage of the cables with micro-machined holes rather
than micro-pulleys are examples of different technological solutions for the same concept, each of them
with different advantages and disadvantages. Figure 103 represents the conceptual scheme under
study. Each link of the robotic device is represented by a generic rounded block that has to be designed
in order to fit with the human hand. Two adjoining blocks are linked together with a pure rotational joint
that can be real, virtual or fictitious (in the case of “no joint” solution). An elastic component is placed
inside each joint in order to guarantee the extension movement (not represented in the pictures). A
certain number of tendons pass through each block. They are used to transmit motion, depending on
the position of the block in the kinematic chain. The passage of the wires through the links can be
achieved in different ways. Figure 103 shows two examples, i.e. micro-machined holes (left) and pulleys
(right). Other solutions are also possible.

Once defined the main guidelines under which the device has to be subordinated it was necessary to
create the mechanical design of the prototype. The mechanical design required a lot of time to be
finalized and it is the result of a series of continuous and successive modifications ongoing even today.
Figure 104 show the main steps of the evolution of the mechanical design: the two biggest pictures
represent the two versions of wire actuated analyzed in the following part.

The First Wire Actuated Solution

The first wire actuated solution is proposed here and shown in Figure 105; it is based on the main
guidelines previously reported in the introduction: a 3DoF structure without the abduction-adduction
joint and actuated by wires. A modular test bench, on which the device will have to be mounted, was
designed contemporaneously with the exoskeleton. The goal of the test bench consists in granting
better stability of the device and helping the operator to perform all the future tests related on it. The
test bench allows also the motors to be easily mounted and kept in position independently from their
dimensions and weight. The exoskeleton proposed here presents an asymmetric design, with three
elements placed in correspondence of the finger phalanges alternated with three torsions springs.
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Figure 104: Main steps of the evolution of the wire actuated exoskeleton
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Figure 105: First wire actuated design: detail of the phalanges (left), the whole test bench (middle) and the top view of the test
bench (right)

The three torsion springs act like virtual joints, granting the bending movement and were placed in
correspondence with the finger articulations. There were two main reasons to choose an asymmetric
design. The first reason was to reduce the dimensions of each element of the exoskeleton; removing
completely one lateral wall permit to decrease the lateral thickness of each finger. Moreover this
solution allows the designer to overcome the problem caused by the finger crotch. It results trivial to
underline that different fingers require different solutions in order to fix the exoskeleton through the
spring placed in correspondence of the MCP articulation. Figure 106 shows a mechanical design feasible
only for the index finger of the left hand because, in this case, the support of the MCP spring is realized
with a wall placed on the right side of the hand. The little finger will need a mirror solution whereas the
middle and ring finger will require a completely different typology of support, probably placed on the
back of the hand. Each of the three elements of the exoskeleton, which from now will be called
phalanges for simplicity, is different from the others, with custom dimension chosen on the basis of the
biometric parameters. Figure 106 shows in details one phalanx of the exoskeleton. Each phalanx
presents a pair of caves made to jam the springs; each cave starts from one side of the phalanx, runs
along the bottom side and gets up on the other side. Through each phalanx passes a series of holes,
made to allow the wires to pass along the exoskeleton. In this design holes are parallel between them
and to the surface on which the finger lays; moreover, all the holes of the phalanx were placed vertically
in order to reduce further the lateral thickness.

Figure 106: Three view of the exoskeleton phalanx
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Static Analysis

The static analysis of the device allows understanding the equilibrium of the exoskeleton in its
interaction with the human finger. It is mandatory to know the forces and the torques, in terms of
direction and magnitude, exchanged by the device with the external world and between the various
elements that compound it, in order to be able to mould the dimensions and geometries of the device.
For that reason, the behaviours of the tendon tensions and the constraining reactions were obtained as
a function of the geometrical parameters, the bending angles and the design choices; this allows to
check and model the mechanical structure in order to obtain the desired range of variation of developed
forces.

Figure 107 represents the scheme of the generic i-th link of the robotic structure. The generic i-th link is
placed between two axis of rotation: the i-th axis and the (i+1)-th axis. The i-th axis connects the i-th link
with the (i-1)-th (the previous one), it is placed upstream and shown on the left part of the figure; on the
contrary the (i+1)-th axis connect the i-th link with the (i+1)-th (the following one), it is placed
downstream and visible on the right of the figure. Each link is associated to a local coordinate reference
system R;, which uniquely defines its position and orientation. The origin of the i-th reference system
was chosen coincident with the i-th axis of rotation. The axis of R;, x; and y;, were chosen to be
respectively parallel and perpendicular to an hypothetical support surface of the finger. Two adjoining
rotational joints are apart from each other of a length equal to L; along the x; axis and e; along the y;
axis. The angle of rotation between two adjoining links has been defined 6; and it is equal to the
corresponding bending angle of the finger. Each link is driven by a corresponding wire, represented by
the dotted lines in Figure 107. The architecture consists of a serial chain of three links, each of them
hosting the holes for the wire that drives the following elements. It is easy to demonstrate that 4-i wires
pass through the general j-th link; in particular three tendons pass into the first link and only one passes
into the third. The tension of the j-th tendon has been called T;. The holes of each tendon j are designed
to be parallel to the x; axis and described by a parameter that represents the position along the y; axis,
which is called hj;. The wire j=i acts specifically on the i-th link and ends there. The generic wire j (j > i)
enters the i-th link, coming from the previous one, and continues to the following one. Passing from the
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Figure 107: Generic i-th link of the exoskeleton
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Figure 108: Third link of the exoskeleton

i-th link to the following one, each tendon j is bent by an angle equal to @4j; (d for downstream). The
same effect happen with respect the previous link, but in this case, the angle is defined ¢, j; (u for
upstream). The tendon tensions T;, and the previously explained angles, generate two reaction forces on
the extremes of the tendon holes, called T,.4j; and T j; . Each phalanx of the human finger applies a
contact force on the correspondent link, which has been defined F;; for simplicity it was decided to
consider F; normal to the resting surface and applied at one distance equal to d;. The forces and the
torques acting on each link generate some constraining reactions that the generic j-th link applies on the
two adjoining bodies. Each body exerts on the previous one a reaction force called F;; and receives from
the following a force called F;. In Figure 107 the two forces F,; and F,; are decomposed into the
components along the x; and y; axes. Similarly to what happens with reactive forces, the bodies
exchange between them reactive torques that take into account the effect of the elastic element placed
at the joints. Each body exerts on the previous one a reaction torque called C; and receives from the
following a reactive torque called C;, 1. The remaining geometric parameters are clearly visible in the
Figure 107. All the holes of the wires of the i-th link are parallel to the x; axis and coplanar, moreover
they start and end at the same x coordinate. No effect of friction of the wires inside the holes was taken
into account and then the tension T; results being constant along the wire length. Finally, all the masses
were considered negligible in this approach.

The best way to obtain the equations of the system is to start to the last link (the farther from the hand)
and then walk back up through the kinematic chain obtaining, time by time, the reaction applied on the
previous. Figure 108 shows the free body diagram of the third body and all the forces and torques
applied on it. The translational equilibrium of the third link could be easily obtained as a follow:

{ Fazx = T5 - cos(@us3) 40
Fazy =F3 =Tz~ sen(@y33)
And the rotational equilibrium results to be equal to:
F3-d3 + T3 [h33 — a3 - tan(@yzs)] - cos(@ys3) —C3 =0 41
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Where, the arm of the torque generated by the tension T3 has been obtained by means of simply
trigonometric passages. Re-writing the tangent as the ratio between sine and cosine and then
simplifying, the equation 41 can be written as follow:

F3-d3 +T; - [h33 - cos(@y33) — az - sin(@ys3)] —C3 =10 42

C3 is a torque that takes into account the effect of the elastic element acting on the joint three.
Regarding the equation 42, all the variables are known except the bending angle of the tendon, ¢, 35.
Figure 109 shows in detail the third joint and all the dimensions related to it. If the third link is bent with
respect the second one by an angle equal to 83, it can be easily demonstrated that the bending angle of
the wire 3 performed going out from the second link, ¢ 4,3 it is equal to:

Paz3 = Puzz + 03 43

Three points shown in Figure 109 (A, B and C) are now defined. The next step is to calculate the
distances between the points A and B, A and C along the axis x; and y;. The distances AB and AC result
to be equal to:

4B, =0
— 44
ABy = h32 — €

And

{ A_Cx=a3'COSG3—h33'SiI’193+b2 45

E= as-senfz + hz; - cosf;

At this point, using trigonometric relations, the angle ¢ ;53 can be easily obtained:
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AC,, — AB
Papz = tan 1 =2—2 46
AC, — AB,

Substituting equations 43,44 and 45 into the equation 46 the final equation of ¢33 can be obtained:

, (a3 -sen @z + hsz - cos 03) — (h32 — e2) 3

_ 47
(az " cosB3 — hy3 - sinfs; + by)

Py3z3z = tan-

At this point the tension of the third wire and the reaction torque and forces acting on the joint two, are
obtained. Figure 110 shows in detail the second joint and all the dimensions related to it. The first step
at this point was to calculate the effect of the constraint force F,;3 and of the tendon tension T5 on the
link two into the reference system R, shown in Figure 111. Fy, is the vector of the constraining reaction
F,3 mapped into the reference system R, and result to be equal to:
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Figure 111: Second and third joint of the exoskeleton
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{ Fypx = —Fg3x - €003 — Fy3,, - senfy 48

Fyoy = Fyazx - senflz — Fy3,, - c0503

The tension of the wire three T; generates two forces on the edges of the corresponding hole of link
two. These two forces are called T} 43,, located on the downstream side, and T.,3,, located on the
upstream side. Observing Figure 111, T,.43, can be calculated as follow:

{ Trazax = T3 — T3 cos(@q32) 49
Traz2y = T3 -sen(@a3z)
Similarly to the previous one the force T},3, results to be equal to:
{ Truzax =Tz — T3 cos(@y32) 50
Truzay =T3 - sen(Pysz2)

Where @,,3, can be obtained by means of an analogous reasoning utilized for ¢,33 and results to be
equal to:

1 (az *sen 02 + h32 * COS 92) - (h31 - el) .

= tan~ 0 51
(pu32 a2 * COS 92 - h32 " Sin 02 + b1 2
The translational equilibrium of the third link can be easily obtained as follows:
{ Faox =Ty COS((puZZ) — Fpox — Truzox + Trazox 52
Fazy = Fp — Ty - sen(@yz22) — Fpoy + Truzzy + Trazzy

And the rotational equilibrium results to be equal to:

Fy - dy + Ty - [hyy - c0S(@y22) — Az * SiN(@yz2)] + C3 — Cp + -+
o+ Trazoy (@ + 13) + Trazzx “ haz + Truszy - Gz — Tryzox “ hgp + - 53
v = Fppy (@ + by + 1) —Fppxre, =0
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Figure 112: First link of the exoskeleton

122



The Exoskeleton

Where ¢,,5, can be obtained similarly to equation 47:

1 (az *sen 02 + h22 * COS 92) - (h21 - el) .

= tan~ 0 54
(pu22 a2 * COS 92 - h22 " Sin 02 + b1 2

The procedure to obtain the equation of the link one is the same utilized for the body two. Starting from
the reaction force of the second link, the force F,, can be re-written mapped into the reference system
R, obtaining the vector F; as follows:

{ Fyix = —Fgox - €050, — azy " senf, -

Fiyp = Faox - seny — Fyay, - c0s50,

Into the body one two wires pass and their tensions T, and T; generate two forces each. The two forces
located downstream and the two located upstream can be calculated with an equation similar to the 49
and result to be equal to:

{ Traz1x = T3 — T3 cos(@g431) 56
Traz1y = T3 sen(@q31)

{ Traz1x =Tz — T2 cos(@gz1) 57
Traz1y =T -sen(@Paz1)

{ Truz1ix =Tz — Tz " cos(@y31) 53
Truziy =T - sen(Py3z1)

Truz1x =Tz — Tz " cos(@y21) 59
Tru21y = T2 - sen(Pyuz1)

The angles @431 and @421 shown into the equations 56 and 57 result to be similar to equation 43 and
equal to:

Paz1 = Puzz + 6, 60

Paz1 = Puzz + 6, 61
The angles ¢,,31 and @,,»1 are calculated in the same way shown into equation 47:

1 al rsen 91 + h31 *COoS 91 - (h30)

= tan~ 0 62
(pu31 a1 *COoS 01 - h31 " Sin 01 + bo 1

1 al rsen 91 + h21 *COoS 91 - (hzo)

= tan~ 0 63
(pu21 a1 *COoS 01 _h21 'Sin91 +b0 1

The translational equilibrium of the third link can be easily obtained as follows:
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{ Falx = Tl ' COS((pull) - Fblx - Tru31x - Tru21x + Trd31x + Trd21x 64
Faly = Fl - Tl ' Sen((pull) - Fbly + Tru31y + Trd31y + TruZly + Trley
And the rotational equilibrium results to be equal to:
Fi-dy + Ty [hyg - cos(@yq1) — aq - Sin(@y11)]+C; — Cp + -
o+ Trazy " (@1 + 1) + Trazix  hat + Truzay @1 — Tryzax - hgg + €5
“+ Traz1y * (@1 + 1) + Traz1x - ho1 + Tryz1y - @1 — Trazax  hog + -
o= Fpryr (@ + by + 1) —Fpix e =0
Where ¢,,5, can be obtained similarly to equation 47:
a,-senf; + hy;-cosb,— (h
@1 = tan~! 1 1 11 1~ (ho) _ 6, 66

al * COS 91 - h11 : Sin 91 + bo

Equations 42, 53 and 65 describe the behaviour of the three tendons tension as a function of the various
geometrical and designing parameter of the device.

Optimization

The previously explained study of the statics describes the relationship between the various elements of
the robotic structure. Each set of parameters contributes to provide a specific and determined
behaviour of the target variables. The optimization process aims to find the best set of parameters in
order to minimize internal stresses and to limit the range of tendon tensions. The generic tension T;
must be limited between two extreme values:

Tmin < T; < Thax 67

*  Tpin represents the minimum acceptable wire tension value. Since tendons are not rigid
components and can work only by traction, only positive values of internal tension are
acceptable, otherwise the system cannot be actuated, becoming uncontrollable. In order to
increase the controllability margin a value of T,,;, greater than zero has to be introduced to
compensate undesired effects, not modeled dynamics and non idealities.

*  Tnhax represents the maximum acceptable wire tension value. This value is given by the
maximum stress that the wires can sustain, without deforming and/or breaking, and by the
maximum value of T that the actuators can (directly or indirectly) provide.

The next step is to obtain the best possible parameter combination in order to achieve the previously
mentioned goals. There are two typologies of parameters:

e Fixed parameters: they are intrinsic and unchangeable parameters specific to each design (e.g.
geometrical parameters, position of the joints, DoFs, length of each elements and so on).

¢ Tuneable parameters: they are parameters that can vary within a determined range of values on
the basis of the design choices. These parameters can be adjusted in order to tune and optimize
the performance (e.g. the possible positions of the passing points of the wires inside the
structure).

It is necessary to underline that different projects, though based on the same concept, can have
different sets of fixed and tuneable parameters according to the characteristics of the device itself or on
the reasons for which the device is designed. The distance between two joints is an example of a fixed

124



The Exoskeleton

—
- ()] n

o
[4)]

DIP [rad]

Ok ===

05 1 15 2
PIP [rad]

I
i
I
I
1
0

-0.5
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parameter in an exoskeleton design because the device has to be worn, while it could be tuneable for
another application. Another example of a parameter that could be both fixed and tuneable, depending
on the specific design goal, is the external force applied to the links of the structure. This force could be
unchangeable, fixed and equal to a certain value if the interaction between the device and the external
world is well known and univocally defined, e.g. manipulator devices. In the case of a manipulator,
where contact happens only through the end effector, a fixed value of the external force equal to zero
for all the N-1 previous links is a justified choice. Vice versa the external force could be a tuneable
parameter if the system is designed to apply a certain force which can be arbitral chosen by the
designer. In the specific case of the exoskeleton design, the goal is to keep the finger in contact with the
exoskeleton with a known small target force, measured by specific sensors. If every link is planned to be
actuated independently from the others, then every contact force could be considered a tuneable
parameter; otherwise, in case of fixed kinematic relations, the number of tuneable forces has to be
reduced.

The finger soft constraint

During the study of the characteristics of the human hans, intra and inter finger constraints were
analyzed. These relationships are caused by the structure of the hand and the tendon/ligament
properties; they couple various degrees of freedom of the human hand linking together the
displacement of many hand parts. In particular it has been noticed that there is a relationship constraint
between DIP and PIP articulations [145]. This is not a strict kinematic ratio between the two
articulations, in fact the human beings can force partially independent motion on the two phalanges,
but it can be defined as a “soft constraint” applied during normal movements. Figure 113 shows the
relationship between these two articulations; the constraint can be approximated with a fixed ratio
between the two bending angles.

2
Opip = §9P1P 68
In order to simplify the calculation of the exoskeleton equation and reducing the computation time, it
has been decided to introduce the previously explained constraint between the bending angles 85 and
0,. In this way the tendon tensions T, and T5 are function of the only bending angle 6,, instead of both
0, and 65, and T; depends only by 8; and 8,, instead all of three.
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The elastic element

Another simplification has been introduced. During the static analysis, it has been discussed about the
effect of an elastic element with a generic torque C;. The equation and the behaviour of C; depend on
the element used to guarantee the extension movement. Non-linear springs, discrete elastic elements
or even more exotic components are equally possible solutions that can be treated in a similar way using
their respective transfer functions:

C;=f(6) 69

As mentioned above, the elastic elements act in opposition to the tendons. This means that there is an
additional design possibility because more rigid elements can be compensated by a larger tendon
tension. A good shaping of the transfer function of the elastic elements means that the behaviour of the
tensions could be modeled by imposing the passage through fixed points, which then modify peaks and
slopes. In this case it has been decided to model the elastic element as a linear torsion spring, with a
certain free angle and constrained to yield a given torque at a certain bending angles values. The free
angle Figure 114 guarantees a value of torque, different from zero in 8; = 0; while the fixed torque
value, comes from the tests on EVA glove, assuring the correctness of the force applied in a certain
bending angle and allowing the glove to be correctly emulated. The equation of the generic elastic
element is:

Where 6, and C;' come from preliminary studies and tests performed on EVA glove:

« 0/ is the maximum bending angle of the i-th articulation wearing the EVA glove;

« (; is the torque applied by the glove to the i-th phalange when is bent by the angle 6;".
The maximum absolute value of the free angle has been guaranteed through the limitation of the
minimum value of stiffness during k; the simulations:

71

Figure 114: The free angle is the bending value obtained when no external torque is applied to the torsion spring.
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Algorithm

The optimization has been performed with an algorithm shown in Figure 115 that calculates the best
possible configuration of the tunable parameters. The “best” configuration is not univocal; since it
depends on the specific necessity of the device, different projects may have different requirements for
their internal variables. In some cases the peak of a specific internal variable must be reduced as much
as possible; in other cases a variable has to be kept as constant as possible to reduce its oscillations.
Using the kinematic relationships between parameters, see equations 42, 53 and 65, the set of values of

parameters that optimizes a certain target can be called the “best” configuration of the tunable
parameters.

Parameter
range
definition

i=N
T,

Calculation
K;
Optimization

A A A

Elastic

{ T, K ( Param.

A
i=i-1 |
A
Wire
Config.
A

Wire

Optimization

B

Figure 115: Concept flow chart of the algorithm
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The first step is to define the tuneable parameters and the range through which they can vary. Many
choices are possible depending on the knowledge of each component of the future device and on the
computing power available. The parameters of elastic components and the minimum value of tendon
tension depend on the extension strategy and on the actuators respectively. The granularity of the
parameter range depends on the computing power and on the complexity of the optimization
algorithm. The main tuneable parameters for the robotic structures according to the previously
presented concept are:

e the position of wire hole;

e the parameters of the elastic components (different typologies of elastic elements show

different parameters)

* the minimum tendon tension range Ty,;n,

e the range of the external force F
For each value of F and T,,;,, and for each specific wire hole position, an analysis of every possible wire
configuration has been carried out. At the end of this analysis the following values are calculated for
each configuration:

e the elastic parameters that best satisfy the design requirements;

e the mean and the peak values of the third tendon tensions.
Given these values for each wire position combination, it is possible to optimize and find the best
configuration. During each iteration (corresponding to a specific wire configuration), the goal is to
calculate the three tendon tensions and to optimize the stiffness values of the elastic components. Due
to the superposition effect, the generic i-th link also applies an effect on the previous i-1. The algorithm
begins by calculating and optimizing the parameters of the last link (the third) and then proceeds
backwards along the kinematic chain. The first step of the iteration is to calculate the tension T; of the
tendon acting on the link three. At this point all parameters except the stiffness of the elastic element
are known. For each combination of the elastic parameters, within the desired range, the trend of T; is
calculated as a function of the bending angle 8;. A 2 - D matrix containing the values of the tension T;
versus the angle 85 and the elastic parameters of the third elastic component is obtained. This matrix
has to be analysed and optimized. Studying the matrix the following values are obtained:

e the best elastic parameters of the third elastic component;

* the mean value and the peak value of T;.
The above procedure, which calculates the variables related to the third link, has to be repeated for all
the remaining links. The procedure is always the same with only one difference due to the superposition
effect: the generic tension T; depends on the previously calculated values of tensions. Moreover, it is a
function of all the bending angles of the following links. Thus at the end of each iteration the obtained
matrix has an additional dimension with respect to the previous one. The generic output matrix
obtained from the study of the i-th link is a (N-i+2)-dimensional matrix where, in case of a 3DoF
exoskeleton, N is equal to three. The introduction of the previously explained soft constraint between
the DIP and PIP articulations, allows to diminish the dimensions of every matrix and therefore the
computation time. This resulted in a 2-D matrix instead of a 3-D matrix for the tension T, and to a 3-D
matrix instead a 4-D matrix for the tension T;. At the end of each iteration the following values are
obtained:

¢ the best elastic parameters of the i-th elastic component;

* the mean and peak value of T;.

Optimization of K
The calculation of the wire tensions gives a matrix describing the behaviour of T; as a function of a
certain number of bending angles, defined for the values of the elastic parameters of the j-th elastic
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Figure 116: Wire tension with different values of elastic parameters

element. The number and typology of the elastic parameters depend on the typology of the elastic
components and on its model, e.g. linear torsion springs can be defined using their stiffness and free
angle. First of all, it is necessary to define in which way the elastic parameters must be optimized, in
other words, what “best solution” means in that specific case. Many different possibilities are available
for the choice of the best parameters, depending on various constraints and design choices. Some
examples are the minimization of the p-norm related to specific Lebesgue spaces L,:

e minimization of the L., norm = minimization of the peak value of the signal;

* minimization of the L, norm = minimization of the energy of the signal;

* minimization of the L; norm = minimization of the total resources of the signal.
Figure 116 represents an example of the result of the optimization of the generic T;. In the specific case
the elastic component was modeled in a similar way to a linear stiffness torsion spring. This spring
applies a torque proportional to the angle, but with a fixed target torque for a particular angle
(corresponding to point P), that comes from the study of the EVA glove. Due to the specific model of the
elastic component the parameters are its stiffness value k; and its free angle 8;. In this simulation the
minimization of the L, norm of the signal T; was imposed, i.e. the underlying the area of the signal.
Figure 116 shows a family of curves; each of them represents the trend of T; for a certain value of k;
and the corresponding free angle. All the lines pass through the fixed point P, as explained before. The
horizontal star-dot line shows the minimum threshold of the tendon tension T,,;,. The thick line
corresponds to the curve with the optimized value of k;. As already said, this is only one possible
example of the model of the elastic component that can be used in the kinematic chain; non-linear
springs, discrete elastic elements or even more exotic components are equally possible solutions that
can be treated in a similar way. A good shaping of the transfer function of the elastic elements allow the
behaviour of the tensions to be modelled by imposing the passage through fixed points, which then
modify the peaks and slopes.

Optimization of the tendon configurations

At the end of each iteration, the value of the parameters for a specific set of tendon configurations is
obtained. The change of the tendon configuration allows to study the effects of different combinations
on internal forces and torques and in particular the tendon tensions. In this way it is possible to find the
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most suitable combination according to specific design criteria. At the end of all iterations, the peak and
mean values of the three tendon tensions are obtained for all the analysed configurations. At this point
the goal is to find the best solution between the previously analysed. Minimizing the demand of the
actuators, or reducing the stresses of the structure are only few examples of the possible criteria
suitable for the choice of the best wire configuration. Depending on the requirements of the specific
project, it could be chosen to minimize different values:

e min[max;(T}))] i=1..3

e min[mean;(T;)] i=1..3

Results

Many simulations were performed changing the values of the various tunable parameters; each
different combination or set of parameters provides a completely different base on which the device has
to work. Some parameters configurations could generate small variations hardly appreciable of the
variables of interest, while others sets of parameters may cause drastic modifications of the behaviour
of the tensions, the shapes of the graphs and the maximum values. These big variations could be
brought back to many factors; probably the most influential is a direct consequence of the actuation
transmission system chosen in this device: the wire actuation. As already partially explained, the wire
actuation designed in this device does not have direct access to the actuated joint; this means that the
tension of the wires generates torques by means of a variable arm. It is possible that the combination of
some geometrical dimensions with a specific configuration of wire holes causes the variable arm of the
tendon tension to decrease, becoming zero in a specific finger asset as shown in Figure 117. The
cancelling out of the arm generates singularities that have to be avoided and kept as far as possible in
order to try to reduce the internal stress and the work of the actuators. On the contrary parameters like
the free angle and the minimum value of contact influence the values of tensions for small values of
bending angles determining the difference between uncontrollable configurations (with negative tendon
tensions) and useful ones. The input parameters preliminarily defined for each simulation are the
following:

3 4
Figure 117: Approaching towards a singularity configuration. From 1 to 3 the arm of the tension of wire decreases until it
reaches the value zero in the fourth image.
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Figure 118: Possible passing points of the wires through the phalanges

The minimum tendon tensions Ty,

The contact force between the human finger and the exoskeleton (which becomes the threshold
value of the contact force)

The free angle of the springs: the materials used to build the springs were not ideal and have a
finite range of internal stress they can bear. Fixing the value of the free angle (as a function of
the material) means that only usable values of the spring parameters can be obtained.

The acceptable passing points of the holes through the structure and the minimum distance
between two adjacent holes.

The structure of the hole in terms of length, radius and shape; reducing the length of the holes,
for instance, allows the design to be changed simulating the behaviour of micro pulleys instead
of micro-machined holes.

In the following part the results related to two different performed simulations with two different
parameter configurations will be presented. For these simulations the parameters were fixed at the
following values:

Minimum tendon tension Tpi, = 0.1 N
Minimum external force F,;;;, = 0.2 N
Maximum free angle 8; = 0.3 rad
Discrete tendon passing point; Figure 118 show the possibilities, which are the following:
0 five possible passing points through the phalanx one
0 four possible passing points through the phalanx two
0 four possible passing points through the phalanx three
0 one possible passing point through the phalanx zero (the palm)

The results of the two simulations will be analyzed and, for each one, three examples of solution will be
presented, two non-optimal and one optimal. In all the reported results of simulations the three
bending angles 6; were considered positive with the bending movements, for simplicity, convenience
and clarity of interpretation. For each proposed solution a series of information were provided:

Tendon configurations. It is the schematic graphical representation of the passage of the wires
through the different links of the robotic structure.

Elastic parameter values. The values of stiffness and free angle were obtained by minimizing the
L, norm of the tendon tensions.

Behaviour of the three tendon tensions as a function of the respective bending angles. As stated
before, the soft constraint between DIP and PIP articulations was introduced. The tensions T,
and T3 are functions of only one bending angle, so their behaviours are shown as a 2-D graph.
On the contrary the tension T; is a function of two bending angles, thus it is represented
through a 3-D graph.

Maximum and mean values of the three tendon tensions.
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Micro-machined Holes

In this first proposed simulation it has been decided to emulate the behaviour of the device in case of
micro-machined holes, so an opening that passes through the entire length of the phalanx. Two non-
optimal solutions (Solution 1 and Solution 2) and an optimal one, found with the algorithm, will be
presented. For each set of parameters chosen a priori there are 2880 different wire configurations,
which determine a specific design. There are some configurations similar to the optimized one and
others that result to be completely different both in terms of magnitude and trend. Among all the
possible solutions, it was decided to pick up as paragon two configurations that do not differ
significantly from the optimized one.

IMICRO-MACHINED HOLES NON OPTIMAL SOLUTION 1:

Tendons Configuration Elastic Parameters

_ Stiffness Free Angle
[rad]

[N*mm/rad]
—%i Spring 1 449 0.14
/Z Spring 2 511 0.17
—_ Spring 3 540 0.03

Behaviour, maximum and mean values of the tendon tensions

Tension of wire 1

M aximum M ean
[N] [N]
T, 346 220
T, 395 97
T 105 66

Tension of wire 3
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IMICRO-MACHINED HOLES NON OPTIMAL SOLUTION 2:

Tendons Configuration Elastic Parameters

P

_ Stiffness Free Angle
[rad]

[N*mm/rad]
- %\_\ Spring 1 409 0.26
:/’%E Spring 2 521 0.16
—_— Spring 3 520 0.08

Behaviour, maximum and mean values of the tendon tensions

Tension of wire 1

‘ M aximum ‘ Mean
[N] [N]
T, 222 145
T, 277 92
T, 56 32

Tension of wire 3

250
200
Z 150
100

50

0 05 1 1.5 0 0.2 04 0.6 0.8
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IMICRO-MACHINED HOLES OPTIMAL SOLUTION:

Tendons Configuration Elastic Parameters

I Stiffness Free Angle
[N*mm/rad] [rad]

i Spring 1 409 0.26
_% Spring 2 501 0.22
—_— Spring 3 509 0.10

Behaviour, maximum and mean values of the tendon tensions

Tension of wire 1

200
_ Maximum Mean
£. 100 [N] [N]
= T, 191 119
T, 116 54
0 T; 48 28
0 .
6, [rad] 0 6, [rad]
Tension of wire 2 Tension of wire 3
120 T T T
100 b Y iR _
a0 a a
- gl P S S i
40 :
T T ST T I 1] 4
0 i i i 0 i i i
0 05 1 1.5 0 0.2 0.4 06 0.3
8, [rad] 8, [rad)]

It can be noticed that the values of tendon tensions obtained with the optimal solution are sensibly
lower than the others two. The different values of tensions are mainly due to the wire positioning
scheme because, as shown in the respective tables, the value of k and 0 are very similar. As mentioned
above, each link has an effect on the previous ones. This effect is complex and generally it favours the
extension movement of one of the previous phalanges; this can be seen in the increase of the mean
value of the tendon tension moving backwards along the kinematic chain.
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Micro-Pulleys

In this second proposed simulation it was decided to emulate the behaviour of the device in case of
micro-pulleys, so the wires result to lay on a very short surface (the pulley itself) placed in the middle of
the phalanx. Placing the pulley on one side of the phalanges instead of putting it in the middle could
completely change the achieved solution, resulting in another parameter choice. In this case again two
non-optimal solutions (Solution 1 and Solution 2) and an optimal one, found with the algorithm, will be
presented. Again it has been decided to analyze two configurations that do not differ significantly from
the optimized one.

IMICRO-PULLEYS NON OPTIMAL SOLUTION 1:

Tendons Configuration Elastic Parameters
Stiffness Free Angle
o [N*mm/rad] [rad]
I Spring 1 509 0.02
Spring 2 521 0.16
Spring 3 540 0.05
Behaviour, maximum and mean values of the tendon tensions
Tension of wire 1
| ‘ M aximum ‘ M ean
[N] [N]
T, 475 280
T, 193 100
T, 100 63
00
6, [rad] 6, [rad]
Tension of wire 2 Tension of wire 3

150
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IMICRO- PULLEYS NON OPTIMAL SOLUTION 2:

Tendons Configuration Elastic Parameters
_ Stiffness Free Angle
L | o [N*mm/rad] [rad]
. g:’(} I Spring 1 419 0.23
Spring 2 521 0.15
. Spring 3 540 0.05
Behaviour, maximum and mean values of the tendon tensions
Tension of wire 1
400
_ Maximum M ean
£ 200 [N] [N]
" T, 391 241
T, 224 107
0 T, 90 54

o, [rad] 00 o, [rad]
Tension of wire 2 Tension of wire 3

100

80

50

T, IN]

40

20
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IMICRO- PULLEYS OPTIMAL SOLUTION:

Tendons Configuration Elastic Parameters
Stiffness Free Angle
o [N*mm/rad] [rad]
Spring 1 419 0.24
Spring 2 511 0.19
Spring 3 509 0.14
Behaviour, maximum and mean values of the tendon tensions
Tension of wire 1
200 - | | |
_ | | Maximum M ean
£.100 IN] IN]
- T, 163 107
T, 111 53
T, 46 28
0
0.5
theta 1 [rad] 00 theta 2 [rad]
Tension of wire 2 Tension of wire 3
120
100 :
80
= :
~ o0 !
il :
40 :
20 :
% 05 1 15 % 072 04 06 08
82 [rad] 83 [rad]

In this second set of simulations the same observation, already performed for the first one, could be
confirmed. The tensions obtained with the optimal solution result to be lower than the others.
Furthermore the tendon tensions achieved in the simulation related to the micro-pulley are lower than
the ones obtained with micro-machined holes. This trend could be motivated by the fact that, in the
micro-pulley simulation, the arms of the torques generated by the tendon tensions are longer and so, a
lower value of tendon tensions is necessary in order to obtain the same result.
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Observations

At this point, with the results obtained from the study and optimization of the first wire actuated
solution, it was possible to create a prototype of wire actuated exoskeleton mounted on the test bench,
as previously explained.

The mechanical structure of test bench and exoskeleton were created by means of a standard tooling
machine, while the springs were ordered to a specialized company. The correctness of the values of
springs, in terms of stiffness and free angle, results to be fundamental in this design; these values come
from the optimization, which allows the exact range of tendon tension to be achieved. It is so essential
to realize the springs in the best possible way. As far as the tendons are concerned, it is very important
to find a wire that guarantees a good performance in terms of stretching resistance and maximum
tension supported. Twisted wire made of synthetic fibers called Dyneema, widely utilized in climbing
and fishing, were found. Dyneema is a gel spun from oriented strand microfibers of UHMWPE (Ultra-
high-molecular-weight polyethylene), which have yield strength of 2.4 GPa (350000 psi); high strength
steels have a comparable value. It is a very tough material with very high impact strength, is highly
resistive to corrosive chemicals and physical abrasion; it has extremely low moisture absorption; it is
self-lubricating and has a very low coefficient of friction, which is comparable with the Teflon one.
Finally, as regards the actuator, a long research about all possibilities was performed. Many
technological solutions for actuators exist today, but very few of them are suitable for this typology of
design. Size and weight constraints, the need to produce high torques and relative low velocities and the

Figure 119: The first prototype of exoskeleton with its test bench
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Figure 120: Operator hand and exoskeleton; top view (left) and side view (right)

limitations related to the environment reduce the options. It was decided to utilize, as first solution,
classical brushless motors equipped with gearboxes.

Unfortunately a series of problems related to the device arose, mainly related to the springs. Due to the
non-idealities of the material of which the springs were made, the correct values of stiffness, free angle
and maximal excursion result hardly achievable. The values of the elastic parameters theoretically
obtained have to be translated into torsion springs characteristics: number of coils, diameters of cails,
diameter of the metal wire and material. In certain design schemes, in order to achieve a specific value
of stiffness, the number of the spring loops and/or the diameter of the coil increases over an acceptable
value resulting in an unserviceable object. Furthermore, the wire of the springs cannot exceed a specific
diameter due to the limitations on the thickness of the elements of the test bench. Wrong values of
elastic parameters cause completely different trends of tendon tensions. Finally the elevate magnitude
of the internal forces (it could be seen in the various simulation results previously reported) generate
high reactive forces on the joints. The virtual joint, excited by these forces, cannot support the
movement without deforming or bending. In order to partially solve this problem, three plastic cylinders
were placed inside the spring coil, in order to limit the tangential deformation of the springs. Figure 119
show the wholes test bench: in the two small details the actuation and transmission system can be seen.
The top left window shows the three brushless motors mounted on their flange; two of them with their
pulley and tendons. The bottom right window shows the detail of the finger exoskeleton with the three
tendons that follow the micro-machined holes optimal configuration. In this picture the problem related
to the springs can easily be seen; in particular the second spring result to be bulky. Figure 120 shows the
operator hand acting on the test bench. On the basis of the previously reported motivation the concept
was modified and a new solution proposed.

The second Wire Actuated Solution

The second wire actuated solution proposed here is shown in Figure 121. This design is based on the
main guidelines reported in the introduction and already utilized for the previous one: a 3DoF structure
without the abduction-adduction joint and actuated by wires.
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Figure 121: Second wire actuated design: front view (left), the whole design (center) and the top view (right)

This second solution didn’t preview the realization of a test bench on which the exoskeleton will have to
be mounted. In case of necessity, the previously created test bench could be easily readjusted in order
to act as support for the new device. An ergonomic palmar support that imitates the shape of the hand
and allows the exoskeleton to be worn and kept in position was designed and realized, granting the
correctness of the position of all the centers of rotation. Similarly to the first proposed solution, the
problem of the finger crotch was overcome by means of an asymmetric design of the shape of the
proximal phalanx. All the exoskeleton elements support the human finger by means of a “U-shape”
structure that hugs the finger phalanges on both sides. Both the palmar support and the phalanges were
designed in order to be inserted into the EVA glove, so each thickness was carefully planned to fit with
its internal space. The “U-shape” of the exoskeleton phalanges allows the bulky to be reduced with
respect the “L-shape” used in the previous design; in this case the holes of the wires cannot belong to
the same plane; on the contrary they have to be placed following the curved shape of the phalanges.
This fact generates an important consequence: the loss of co-planarity of the entire transmission system
generates torques and forces that cannot be constrained into a plane. It is therefore necessary to study
the trends of the variables of the device into a 3-D space; furthermore reactive torques and forces will
generate both compression and shear stresses along all directions. The main difference compared to the
previous one is represented by the typology of the joints. In this second solution traditional joints
substitute the virtual ones utilized in the first design. Traditional joints contribute to solve problems
related to the deformation of the structure found earlier; moreover, it is not necessary anymore to
dimension, and then realize, the elastic elements. In this second design the whole extension movement
results to be ensured by only the EVA glove. Figure 122 shows two different solutions for the design of
the joints. On the left it can be seen the two-pieces joint: in this typology of solution, the first link can be

Figure 122: Two different joint solutions: two-piece joint (left) and one-piece joint (right)
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coupled with the second one inserting the pin into the holes with a determined relative angle between
the two phalanges, thanks to a slot specially realized on the pin. The particular shape of the joint grants
that, once coupled the pin with the hole, the two elements cannot be detached unless the bending
angle between the two phalanges results equal to the “insertion angle”. This design was studied to be
realized with standard tooling machines. On the right the one-piece joint, where the two adjoining
elements of the structure have to be realized into one shot, can be seen. The relative movement is
guaranteed by a play between the two phalanges. This design was studied to be realized with DLMS
(direct metal laser sintering).

Static Analysis

It is mandatory to study again the analysis of statics of the new concept of exoskeleton. As already said,
the statics results very useful to understand the behaviour of the tendon tensions as a function of
geometrical parameters, bending angles, external forces and design choices. This also allows the range
of variation of the tendon tensions to be checked, by verifying that they always stay within acceptable
values. In the following analysis the conceptual design of the robotic structure was generalized as much
as possible and partially decoupled from the specific project. It was decided to study a generic single
effect, wire actuated n-R robotic structure. This means that the analysis could be applied to different
designs and structures provided that they adhere to the main guidelines previously reported.

Figure 123 represents the scheme of the generic i-th link of the robotic structure. Each link is associated
with a coordinate reference system R; which uniquely defines its position and orientation. In this study
the apex i on the generic vector ix states that that vector is expressed in the i-th reference frame R;.
The i-th reference system is placed on the i-th rotational joint, which connects the i-th link to the
previous one. R; can be obtained from R;_; through a translation represented by the position vector
ili_l and a subsequent rotation around it of an angle 6;. Each link is driven by a corresponding wire. The
architecture consists of a serial chain of N links, each of them hosting the holes for the wires that drive
the following elements. Hence, as shown in Figure 123, N+1-i wires enter the j-th link from the previous
one, while N-i of them go to the following link. The wire j=i acts specifically on the link i and ends there.
The generic wire j (j > i) enters the link i coming from the previous one and continues to the following
one. If the wire doesn’t pass exactly through the origin of R;, it has a non null torque effect on the i-th
link, which must be controlled and optimized. The position vector that identifies the entrance of the
hole for the generic j-th wire in the i-th link is called iui]- (u for upstream). The position vector of the end
of the same hole is referred to as id,-]- (d for downstream). it,-]- is the unit vector that identifies the
direction of the generic j-th wire on the i-th link and it is defined as follows:

o g+ A (M - i_ld(i—l)j)
Y ”iuij + iAi—l(i_lli—l - i_ld(i—l)j)”

i

72

Where iAl-_l is the linear operator which maps vectors and points from the reference R;_; to the
reference R;.

cos(6;) sin(6;)

i . —
Ai-1 [—sin(@i) cos(6;) 3
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Figure 123: Generic i-th link of the robotic structure

And 6; is the counterclockwise angle between R;_; and R;.
As it can be seen in Figure 123, the generic i-th link is subject to a number of forces and torques:
. iRi and iCl-, exerted by the previous link at the i-th joint;
o —IR;.1 and —IC;,, exerted by the following link at the (i+1)-th joint;
* 'F;, external force applied on the i-th link (e.g. exerted by the user), whose point of application
is identified by vector ‘a;;
*  m;g, link weight applied in its center of mass, identified by vector ibi. Vector g is gravity,
typically expressed in the fixed, or O-th, reference system: 0g;
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tension exerted by the j-th wire, whose point of application is given by the vector iui]-.

ij» While its

« =Tyt
Given that the force is a traction one, its direction is opposite to the unit vector it
magnitude is T;;. The index j varies from i to N;

. (pijTijit(Hl)j, tension exerted by the j-th wire, whose point of application is given by the vector
id,-]-. Its direction coincides with the unit vector it(i+1)j, while its magnitude is @;;T;;. The
coefficient ¢;; is a variable factor that considers the reduction of force along the j-th wire due to
the friction associated with the sliding of the wire into the hole. The index j varies from (i+1) to
N.

A study of the dissipative coefficient ¢;; follows. When the wires pass inside their holes, they are bent
into a certain angle. This bending reduces the tension of the wires because of friction between the wire
and the internal surface of the holes. If the ends of the holes are supposed to be well rounded, this can
be studied in a way similar to the theory of belts. Figure 124 depicts this friction effect. The constant f is
the Coulomb friction coefficient between a wire and the walls of its hole. This effect appears twice for
each wire in each hole, at the entrance and at the exit.

The total effect of friction in the hole is equal to [146]:

M = of(aijl+]BiD 74
|04 Tij iy
which leads to:
o = e~ Tlayl+ByD 75

where the two bending angles a;; and f3;; can be calculated as follows:

'ty - (idij - iuij)

a;j = arccos ”idij ~ iuij” 76
ig . (id.. — ..

Bij = arccos[ ey - (g — "vy) 77

”idij - iuij”

—
—
PiTit(i+1))

Figure 124: Friction effect due to the sliding of the wires inside the holes
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Thus, the equations of the translational (7) and rotational (8) equilibrium of the generic i-th link can be
written as:

N N
'Ri—'Riy1 +m'Ay°g + 'F; — 2 Tyj'ti; + z @ijTij A1 ™ i1y = 0 78
=i j=i+1

and

iCi_iCi+1 - ill' A iRH_l + miibi A iAOOg + iai N iFl- +
N

N
+ Z "y A @iiTij A M 1)) — Z Uy ATyt =0

j=i+1 j=i

79

The equations of the i-th link require the solutions of the following N-1 links to be solved.

Optimization

As previously said the study of the statics describes the relationship between all the elements of the
robotic structure. Each combination of parameters contributes to provide a specific and determined
trend of all system variables. The optimization process aims to find the best configuration of parameters
in order to keep limited, within defined boundaries, the variables of interest. Similarly to the previous
optimization process, also in this version of device the generic tension T; must be limited between two
extreme values:

Trin < T; < Tax 80

*  Tpin represents the minimum acceptable wire tension value. Since tendons are not rigid
components and can work only by traction, only positive values of internal tension are
acceptable, otherwise the system cannot be actuated becoming uncontrollable. In order to
increase the controllability margin a value of T,,;, greater than zero has to be introduced to
compensate undesired effects, not modeled dynamics and non idealities.

*  Thnax represents the maximum acceptable wire tension value. This value is given by the
maximum stress that the wires can sustain, without deforming and/or breaking, and by the
maximum value of T that the actuators can (directly or indirectly) provide.

Due to the structure of the joints of this second version of the device, there are no more elastic
elements to be optimized. In this case the elastic element is represented by the only EVA glove, which
possesses a determined and unchangeable trend of torque on varying of the bending angles. The
contribute of the glove enters like a generic torque that act on each joint and depends on the values of
all the bending angles, on the basis of the results obtained from the analysis of the stiffness of the EVA
glove.

CEVAi = f(91 91 BN) 81

In addition to these elements, due to the structure of the joints, there are other elements that have to
be controlled: the reactive torques and forces acting on each joint C;
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”Ci” < Cmax 82

*  Chnax represents the maximum acceptable constraint reaction torque value. This value is related
to the maximum stress that the joints can sustain without plasticizing and/or breaking.
It is necessary to define again which parameters could be tuned and which are strictly fixed by the
design. The final step will be to obtain the best possible parameter combination to achieve the overall
goals.

Algorithm

The optimization was performed with a series of algorithms which calculates the best possible
configuration of tunable parameters under specific conditions. The “best” configuration is not univocal:
since it depends on the specific necessities of the device, different projects may have different
requirements for their internal variables. In some cases the peak of a specific internal variable must be
reduced as much as possible; in others a variable has to be kept as constant as possible to reduce its
oscillations. Using the kinematic relationships between parameters (see the equation 79) the set of
values of parameters that optimizes a certain target can be called the “best” configuration of the
tunable parameters. The main tunable parameters for robotic structures according to the previously
presented concept are:

e the position of wire hole;

¢ the range of the external force F; the external force takes into account also the elastic torque

provided by the glove.

For each value of external force and wire holes position, an analysis of every possible wire configuration
was carried out. It is important to underline that, due to the fact that the holes are defined through a
unit vector, they can assume whatever direction the designer plans. During each iteration
(corresponding to a specific wire configuration), the goal is to calculate the behaviour of the three
tendons tensions and the reactive forces and torques acting on each joint. Due to the superposition
effect, the generic i-th link also applies an effect on the previous i-1. Moreover, the effect of friction
reduces the tendon tensions at each passage inside a link of the structure; the value of tension
upstream, perceived by the actuators, could be only obtained once all the links have been studied. On
the basis of the equation obtained, the algorithm has to begin by calculating the trend of the variables
of the last link (the N-th), and then proceeds backwards the kinematic chain. At each passage the trend
of the variables related to the generic i-th link were calculated. Once all the N links were studied, for
each of them the following variables were obtained:

* the j-th tendon tension T;;

* the reactive torque applied on the i-th joint C;;

* the reactive force applied on the i-th joint R;;
Each of these variables depends on all the bending angles 8;; they depend on the downstream because
of the superposition effect and on the upstream because of friction. At the end of each iteration all the
variables referred to a specific wire configuration were obtained and saved in a file. The introduction of
constraints between the joints, e.g. the soft constraint between DIP and PIP articulation, allows to
diminish the dimensions of the obtained matrix and reduce the required memory. Once all the
information related to all wire positions were obtained, the research of the most suitable configuration
can start.
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Optimization of the tendon configurations

The following steps, performed to obtain the best possible configuration, are completely different from
the ones presented for the first design choice. The key point of this optimization version is represented
by what could be defined as the “operating area”. The operating area is a quality factor invented to
describe in a simple and easy to understand way the part of the whole working space in which the
device grant determined performances. The area is represented by a convex surface, function of the
bending angles, in which the tendon tension T; results to be positive and lesser than a previously chosen
limit value of tension Tj;;;,; moreover the origin of the space of the joints (6; = 0, Vi) has to be an
interior point of the surface. The operating area allows the designer to know the range of motion in
which the device assures a limited value of tendon tension, previously chosen and suitable for the
design. Once the limit value of the tensions is decided, the optimization process has to calculate N
operating areas, each of them related to one T;. At this point is necessary to merge all the areas in order
to obtain a comprehensive operating area that takes into account all the limits on all the tensions.
Figure 125 shows an example of operating area related to a tension that depends only on two bending
angles. In each cell the value of tendon tension is reported; the grey space is the operating area itself; as
it could be seen there are cells in which the tension is lesser than the Tj;;,,, that are not included into the
operating area due to the requirement of convexity. Figure 126 shows an example of how the overall
operating area (on the right) is made, starting from a couple of operating areas (on the left). The
obtained overall operating area represents the range of motion in which the device guarantees the
required performances and has to operate; the remaining part of the whole working space could be
neglected. It is then necessary to study the behaviour of all the others variables of interest into the
operating area, calculating their trend and maximum values. The maximum values of torques and forces
acting on each joint, limited to the operating area, and the operating area itself are all the quality factors
needed to determine the best possible configuration. Starting from these factors, it is then necessary to
determine a value to describe the overall goodness of a specific wire configuration; in order to
accomplish this goal the optimization function was introduced:

Q=f(Ki"q) 83

where:

Operating area of T;
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Figure 125: Example of operating area. The green written cells respect the limit of tension.
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Operating area of T; Overall Operating area

Figure 126: Overall operating area (on the right), starting from a couple of operating areas (on the left).

e (@ is the value that describes the overall goodness of the specific configuration

* q; is the i-th quality factor. It has to be underlined that, in case of the operating area, the true
quality factor is not the area itself but its complementary with respect the whole working space.

* K is the coefficient related to the j-th quality factor. These coefficients could be changed by the
operator in order to modify the importance of the specific quality factor. A bigger value of K;
means that the unitary variation of g; is more important than those of others factors (with
lesser coefficients).

* f'is a generic function that can be chosen on the basis of the needs. The function could be the
sum, the norm or a more complex equation, each of them with its specific behaviour. Just to
provide an explanatory example, in case of sum the variation of a quality factor value
contributes to the goodness independently from the specific value of the factor itself; this
consideration is no longer true in case of norm function.

Once the goodness values for each wire position were obtained, it is necessary to obtain the best
possible configuration, that corresponds to that which minimizes the value of Q.

Results

Many simulations were performed changing the values of the various tunable parameters; each
different combination of parameters provides a completely different base on which the device has to
work. Each parameter influence the trend of the interested variables in a very specific way; some of
them generate hardly appreciable variations, while others may cause drastic modifications on the
behaviour of the device. The input parameters preliminary defined for each simulation are the
following:
* The acceptable passing points of the holes through the structure;
e The structure of the hole in terms of length, radius and shape;
e The behaviour of the external forces applied on the structure by the glove and the human being;
* The limit value of tendon tension, Tjjy,;
* The quality factors coefficients, K;Vi;
* The optimization function, f;
In the following part the results related to different performed simulations with different parameter
configurations will be presented. For all these simulations the fixed parameters are the following:
e Behaviour of the external force modeled on the basis of the results coming from the test on EVA
glove.
* Discrete tendon passing points. Each phalanx has a limited number of possible downstream and
upstream passages of the tendons (described by idi]- and iui]- respectively). In order to limit the
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Quality Factor
Op.Area | C; | C; | C3 Tiim
Set Ky 1 10 | 10 | 10 100 N
Set K, 1 20 | 20 | 20 | _200N_
Set K100 1 100 | 100 | 100 | _300N
Set K500 1 200 | 200 | 200 o

Table 24: Values of quality factors coefficient used during the following simulations

possible combinations, in the following simulations each idi]- is directly connected by one, and
only one iu,-]-. Moreover the holes cannot cross each other and, except for the palmar, only one
tendon can pass inside each hole. There are six possible passing points through each of three
phalanges and other six into the palmar support.
In the following simulations the limit value of tendon tensions and the quality factor coefficient will
change. In the first series of simulations the limit tendon value has been chosen and kept constant while
the quality factors coefficients changed. Vice-versa in the second series the quality factor has been kept
constant while Tj;,,, changed. In this way the dependence of the results on the variations of the two
parameters could be easily understood. Finally, in the last simulation it was decided to emulate a device
composed by only two DoF: the third phalanx was removed, keeping it passive in order to see the
difference between a structure with three or two degrees of freedom. All the following simulations were
performed utilizing as optimization function f the sum of all the elements (quality factor multiplied by
the relative coefficient). The sum is not the only optimization function utilized during the simulations
(e.g. all the configuration were also performed using the norm) however the results related to this
variation generate hardly appreciable variations and so it was decided not to show them here.
Table 24 shows four different set of values of quality factor coefficients and four values of tension limit.
For each obtained solution a series of information were provided:

e The overall operating area obtained.

e The behaviour of the reactive torque applied on the first joint in terms of trend and maximum
value. This information was shown into two graphs. On the left the values of torque, obtained
into a certain configuration, are inserted in each cell of the operating area graph; a gradient
coloration allows to more easily understanding the trend. On the right a 3D graph shows the
trend of the torque on the whole working space.

e The behaviour of the three tendon tensions. The same two graphs, previously described, were
provided for each tendon tension.

¢ Tendon configurations. It is the schematic graphical representation of the passage of the wires
through the different links of the robotic structure.

It was decided to apply the soft constraint between PIP and DIP in order to simplify the calculation and
obtain tensions that depend only by two bending angles displayable with 3D graphs, which are clearer
and easier to be understood and appreciated. All the graphs related to the operating areas were
reported in a grid like shape, which has a constant angular step equal to 8- 1072 rad (5 deg) for all the
bending angles. Finally, it is important to underline that in all these simulations friction was neglected.

First simulation: T ;, constant

In this part the results related to four different simulations will be reported. For each of them the value
of tension limit was kept constant and equal to 300 N, while the quality factor coefficients change
among the four set as shown in
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Table 24. The four different set of coefficient K change the ratio of importance between the dimension
of the operating area and the maximum value of reactive torque applied on each joint. The more the
coefficients of the three torques are high compared to the operating area one, the more it is important
to keep lower values of torques. As it could be easily seen in Figure 127, passing from K, (top left) to
K00 (bottom right) the dimension of the operating area decreases, reducing the range of ; in which
tendons tension smaller than 300N are guaranteed. This is due to the fact that, increasing the coefficient
related to C, the dimension of the operating area assumes a secondary importance with respect the
peak values of reactive torques. For each proposed soluion the following informations were provided:

e Tendon configurations. The schematic representation of the passage of the tendons through the
links of the structure.

e Behaviour of the reactive torque acting on the first joint represented both as a 3-D graph and
with the operating area graph. Each cell of the operating area graph contain the value of the
reacting torque in the specific configuration of 6, and 6,.

e Maximum value of the reactive torque inside the operating area.

e Behaviour of the three tendon tensions represented both as a 3-D graph and with the operating

area graph.

Tiim =300 & K Tiim =300 & Ky
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Figure 127: Comparison among the four operating areas of the simulation 1
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SIMULATION 1A: Tj;, =300 & Kj
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SIMULATION 1B: T, = 300 & Kjq

Tendon Configuration
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SIMULATION 1C: Ty;,,, = 300 & Kiqgo

Tendon Configuration
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SIMULATION 1D: Tj;,, = 300 & Kopg

Tendon Configuration
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From simulation 1a to simulation 1d all the information related to a single K was provided. The trends of
the reactive torque acting on the first joint and of the three tendon tensions were reported in each of
the four figures. As it could be foreseen, passing from K;, to Ko, the peak value of the reactive torque
decreases due to the augmenting of the related importance value and at the same time the size of the
operating area becomes smaller.
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Second simulation: K constant

In this second simulation the results related to others four simulations were reported. In this case, for
each of them the quality factor coefficients were kept constant and equal to K;,, while the value of
tension limit changes among the four possibilities shown in
Table 24. The different values of Tj;,, directly influence the size of operating area; lower values of limit
impose more stringent limitations, reducing the available size. It is important to underline that the
variation of the limit tension provide an indirect effect also on maximum values of reactive torques and
forces. Smaller tendon tensions generate smaller reactive torques inside the operating area; however
this is caused mainly by the shrinking of the operating area itself. Figure 128 shows the four operating
areas obtained; as it can be seen, the size of the operating area decreases sharply with the reduction of
the tension value limit. Also in this second simulation the following informations were provided:

e The schematic representation of the passage of the tendons through the links of the structure.

e Behaviour of the reactive torque acting on the first joint.

e Maximum value of the reactive torque inside the operating area.

e Behaviour of the three tendon tensions.
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Figure 128: Comparison among the four operating areas of the simulation 2
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SIMULATION 2A: T);,, = 100 & Ky

Tendon Configuration

0.96

079

61 [rad]

0.61

0.44

035 052 07 087 105 122 14 1.341912

6, [rad]

The Three Tendon Tensions
1 31 T T T T T T T T T T T T

086

079

6, [rad]

051

044

0.35 | .I | O_=87 | 1.=05
6, [rad]

159



The Exoskeleton

6, [rad]

6, [rad]

[ I s S S S B B B
113
0.96
0.61

044

0.35 . 087 1.05

6, [rad]

L e e e A

113

096

079

0.51

044

035 052 a7 087 1.05 1.22 1.4

6, [rad]

160



The Exoskeleton

SIMULATION 2B: T, = 200 & Kjq

Tendon Configuration
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SIMULATION 2¢: T}, = INF & Ky

Tendon Configuration
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From simulation 2a to simulation 2c all the information related to the configurations were reported,
similarly to the previous simulation. The results related to the simulations with T};,,, = 300 were not
reported here because already shown in the first four simulations and in particular in simulation 1a.
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Third simulation: 2DoF vs. 3DoF

This last simulation shows the differences between two devices actuated respectively by three and two
degrees of freedom. Due to the particular structure of the device, the value of the reactive torques and
forces increases with the number of degrees of freedom. A link perceive a certain torque applied on by
the following one; to compensate this effect an higher value of tendon tension is needed in order to
actuate the joint and as a consequence bigger tendon tensions contribute to generate a bigger reactive
force on the previous link. The reduction of the number of degrees of freedom could be an alternative
solution to keep small values of torques and tensions. It is important to underline that not all the tasks
can be accomplished with only two degrees of freedom, it is then mandatory to understand the
feasibility of this strategy in the specific case. Figure 129 compares the two and three DoF operating
areas, obtained with the same values of T};,,, and K.

Also in this third simulation the following informations were provided:

e Tendon configurations. The schematic representation of the passage of the tendons through the
links of the structure.

e Behaviour of the reactive torque acting on the first joint represented both as a 3-D graph and
with the operating area graph. Each cell of the operating area graph contain the value of the
reacting torque in the specific configuration of 8, and 6.

e Maximum value of the reactive torque inside the operating area.

e Behaviour of the three tendon tensions represented both as a 3-D graph and with the operating

area graph.
Tim =300 & K,, & 3DoF Tim =300 & K,, & 2DoF
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Figure 129: Comparison among the two operating areas of the simulation 3
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SIMULATION 3: Tj;, =300 & K,, & 2DoF

Tendon Configuration
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Simulation 3 shows the information related to the 2DoF solution, while that related to the 3DoF solution
was already reported in simulation 1b. As it could be seen, both the 2DoF operating area and the peak
value of reactive torque show better results with respect the 3DoF one. As already said, the reduction of
number of DoF is not always applicable, but these results underline the importance of reducing the
complexity of the device as much as possible, avoiding useless (or not so useful) DoFs.

Modified Optimization of the tendon configuration
The previously studied optimization method for the tendon configuration distinguished, for each point
of the joint space, between only two different states of the device:

* The device can provide the tensions needed; T < Tji

* The device cannot provide the tensions needed; T > Tjim,
Due to the high values of tensions needed, as it could be seen in the previously reported results, this
classification could be too stringent. It was therefore decided to introduce an additional intermediate
condition that takes into account the possibility of partially actuate the device. For example, if a specific
position requires T; = 2 - T}jp,, it can be decided to provide the maximum possible tension T; = Ty,
granting only the 50% of the actuation needed. In this way it is possible to augment the operative areas
granting a portion of the power needed in the most critical zones. This strategy could be easily applied in
the specific case of the hand exoskeleton, but it cannot be suitable for all the typologies of devices. In
the specific case of exoskeleton, if the device grants a portion of the actuation needed, the remaining
part has to be provided by the human being; however the remaining part always results smaller than the
entire amount required without the exoskeleton. On the contrary it is mandatory to grant every time
the whole actuation power for other typologies of devices; in these cases this solution cannot be
applied. The three new states are the following:

* The device can provide the entire tensions needed; T < Tjim

e The device can provide only one part of the tensions needed; Tjiy, < T < Tjjm - (100/Comp)

* The device cannot provide the tensions needed; T > Ty, * (100/Comp)
Where Comp is the minimum percentage of compensation required. In this strategy operating area is
the convex surface, function of the bending angles, in which the tendon tension T; results to be positive
and the percentage of compensation is greater than the previously chosen minimum value Comp.
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Figure 130 shows an example of the modified area: in this example Comp is equal to 33. At this point it is
necessary to introduce a new quality factor, able to take into account the modifications introduced. It
was decided to calculate the integral of the tensions percentages inside the new operating area. The
goal is to maximize this new quality factor. It is important to underline that the integral could grow up
for two reasons: first the enlargement of the operation area and then the higher percentages of
compensation inside the operating area. This new quality factor considers therefore both the size of the
area and the actuation capabilities. In fact the optimal solution could be a configuration that grants a
very wide operating area with low percentages of actuation capabilities or a set of parameters that
provides a smaller operating area with higher compensation percentages.

Results

Also in this case a large number of simulations were performed changing the tunable parameters in a
very similar way to the previously presented simulations. The same considerations and simplifications in
terms of wire holes characteristics, friction and soft constraint remain valid and applied. It was decided
to avoid the repetition of several examples because the main considerations were already provided. On
the following part only a single simulation was reported in order to understand the main consequences
of this optimization strategy. Also in this case the following information were provided:

e The behaviour of the reactive torque applied on the first joint in terms of trend and maximum
value. This information was shown into two graphs. On the left the values of torque, obtained
into a certain configuration, are inserted in each cell of the operating area graph; a gradient
coloration allows to more easily understanding the trend. On the right a 3D graph shows the
trend of the torque on the whole working space.

e The behaviour of the three tendon tensions. Unlike the previous graph, the percentages of the
actuation that the device can provide are shown in each cell of the grid of the graph, instead of
the relative value of tendon tension.

¢ Tendon configurations. It is the schematic graphical representation of the passage of the wires
through the different links of the robotic structure.

In the following simulation were imposed a tension limit equal to 100N and a minimum percentage of
compensation equal to 33%.

Modified Operating Area of T;

<33% §=33% 1 =33% | | <33% 1 <33% | <33% ) <33%

i<33% | <33%

Figure 130: Modified operating area. In each cell the percentage of compensation guaranteed is reported.
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SIMULATION 4: MODIFIED OPTIMIZATION
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Simulation 4 shows the information related to the modified optimization solution. As already said, a
limit tension equal to 100N and a minimum compensation percentage equal to 33% were chosen. It
means that the maximum acceptable tension to be partially compensated it is equal to 300N; therefore
the more significant interpretation of the result of this last simulation has to be compared with the
results obtained during simulation 1 (where Tj;;, = 300). The obtained operating area of this last
simulation is bigger than all those relating to simulation 1 and at the same time the obtained reactive
torque acting on the first joint is the smallest among all the obtained results (except from simulation
2a). The partial compensation of this strategy grants a large area and at the same time generates small
internal forces, which cause lower reactive torques on the joints. The back of the medal of this strategy
is that, granting only a percentage of the true actuation needed, it is very task dependant; in case of an
hand exoskeleton device, the fatigue is not completely eliminated, but only partially reduced.
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Observations

At this point, after all the results coming from the study and the optimization, it was possible to proceed
to create a first prototype of this wire actuated solution. The mechanical structure of this second
solution was created by means of DMLS (Direct Metal Laser Sintering) technology. As regards the
tendons, it was chosen to utilize Dyneema wires already used for the previous proposed solution due to
their high performances. Figure 131 shows the operator hand acting on the exoskeleton. All the
obtained results from simulation do not guarantee an actuation on the whole working space. If all the
operating area is smaller than the working space, it means that the solution does not grant an actuation
on the entire range of movements of the human hand, helping only a portion of the motion. It has to be
underlined that outside the operating area the device can still provide torques assisting the human
hand, though in a percentage which could be very small, but still different from zero. Another big
problem is related to the values of reactive torques acting on the joints: all the obtained values result
very high and hardly sustainable by a structure which aims to be small enough to be embedded into a so
thigh space like the EVA glove.

In order to fully understand the feasibility of the proposed solution was mandatory to analyze the
effects of forces and torques acting on the structure. A Finite Element Method (FEM) analysis was
performed; this study allows to calculate the magnitude of the internal stresses generate by the internal
and external forces. This tool allows to obtain the best value of the parameters related to the most
critical geometrical dimensions and to understand the typology of structural material able to tolerate all
the solicitations. The entire structure is subjected to various stress caused by the interaction with the
external world. In particular those effects result to be greatly amplified in correspondence of the MCP
joint, which is the most critical part of the whole device. The asymmetric design of this specific part of
the exoskeleton means that, in addition to the compression stress, shear stresses were generated.

It was decided to investigate the effect acting on the “one-piece” joint solution (already shown in Figure
122). Two dimensions of the coupling are mainly involved in the stress calculation: the diameter of the
internal pin and the thickness of the two surfaces of the joint. During the FEM analysis the values of
those parameters were changed in order to appreciate the behavior of the stress and to be able to
compare results related to different parameter configuration. Figure 132 show some examples of the
results gathered from tests changing the two dimensions previously described. The obtained results
confirmed some doubt related to the physical realization of this concept of device. Also considering the
best wire configurations, the internal forces generated by the interaction with the actuators and the
glove, result to be too high to be sustained by the structure and at the same time to grant high level of

Figure 131: Operator hand and exoskeleton; top view (left) and side view (right)
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Figure 132: Some examples of the stress analysis of the joints in which the thickness and diameter of the pin and hole were
changed to compare the stress results

safety for the operator. It is mandatory relax some constraints, for example those related to the
dimensions and weight, in order to be able to design a truly feasible device.

The Double Parallelogram Solution

The results related to the wired actuated solution coming from the previous study and optimization
show that this typology of actuation results hardly applicable. If on the one hand the wire solution is the
best in terms of reduced dimension and weight (as already explained) on the other hand the reduced
dimension of this device ensure that the tendon tensions have every time a very small arm. In order to
be able to generate the magnitude of required torques, with so short arms, the tendon tensions have to
be very high. High values of tendon tensions cause high requirements in terms of actuators and high
stress on the structure (e.g. the reactive torques acting on the joints).

The second concept of proposed exoskeleton tries to solve this inconvenient partially neglecting the
problems related to dimensions, against an increased importance of internal stress and a completely
different transmission of movement: bidirectional actuation with double parallelogram mechanism.
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Bidirectional actuation is a symmetric transmission which generates movements both in flexion and
extension; usually it results to be bigger than the single effect but it has the advantage of not relying on
a passive element (e.g. elastic elements) to accomplish one of the two movements, overcoming
problems related to non idealities and unpredicted behaviour.

The double parallelogram mechanism, shown in Figure 133 is a structure that generates a virtual joint,
rotating around an instantaneous centre which has to coincide with that of the human hand. The correct
dimensioning of the elements that compound the structure grants the correctness of the movements
performed. This was the guiding factor in determining the length of each link and the initial angle
between the links. This also means that the device has to be partially custom made due to the large
amount of human variation in hand size. Some examples of exoskeleton made utilizing a four bar
mechanism structure can be found in literature: Shield [147], Fang [148] and Choi [149] exoskeletons are
probably the most important examples of this structural solution.

Using this structure both the good positioning of the center of rotation and the will to maintain the palm
as free as possible are satisfied. Due to the compact structure of the human hand and the high number
of DoF, a device that could be placed entirely on the back of the finger is the best solution to maintain
the grasping capability. The downside of this solution is that dimensions are bigger than the previous
one, in particular considering the back of the hand. There are no chances to embed this typology of
device into an EVA glove without a complete redesign of the glove itself. For this reason this version of
device is planned to be placed outside the EVA glove and, if possible, realized in order to be attached
and detached quickly and easily. In this way the operator can perform tasks that require high force and
produce high fatigue wearing the exoskeleton, removing it to accomplish tasks that need to insert the
hand into thigh spaces. It is important to underline that this solution allows to overcome completely
problems related to the finger crotch due to the placement of all elements on the back side of the hand,
and moreover it results to be finger independent. Unlike the previous solution, this strategy can be
applied on each finger of the hand independently from the relative position inside the hand, without
modifications. The above discussion provides a series of motivations for each choice and a functional
idea of each element of the future physical device. This means that a family of devices could be unified
under the same previously treated “guidelines”, independently from the specific solutions. The number
of DoF of the device, the kinematic constraints between joints (e.g. the soft constraint), the position of
the actuation system, are some examples of possible variations that follow the main guidelines
described, each of them with different advantages and disadvantages.

Figure 133: The double parallelogram mechanism

173



The Exoskeleton

Figure 134: Second exoskeleton concept design.

The second concept of exoskeleton is shown in Figure 134; it is based on the main guidelines previously
reported. It is composed by three joints, neglecting the abduction one kept it fixed into a position. In
order to simplify the future actuation it was decided to simplify the concept introducing a kinematic
ratio between the three joints, obtaining a finger exoskeleton with only one DoF. In order to reduce the
number of degrees of freedom of the device, the three phalanges were coupled through additional four-
bar transmissions dimensioned in order to guarantee the correct kinematic ratio. Figure 135 shows in
detail the elements that couple the proximal and the middle phalanx. It is necessary to decide a specific
kinematic ratio between the three phalanges in order to guarantee a natural movement during the
operator’s work. Once defined the behaviour the three joints have to perform, the dimensioning of the
various length of each element has to be performed. It was decided to impose the kinematic constraints
in order to guarantee an emulation of the sphere grip during the exoskeleton movements; on the basis
of the study performed on the human hand and grasps the following two ratio were chosen:

3 2

Opip = ZeMCP Opip = §9PIP 84

Figure 135: Detail of the kinematic constraints between two adjoining joints.
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Figure 136 shows six pictures of the first prototype of “double parallelogram exoskeleton” during the
flexion movement. It could be appreciate that, acting the MCP joint of the exoskeleton, the movement is
transmitted to the PIP and then to the DIP joint through the previously described kinematic ratios.

Figure 136: First prototipe of the double parallelogram exoskeleton during the flexion movement
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Figure 137: First prototipe of the double parallelogram exoskeleton coupled with the EVA glove

Finally Figure 137 show the final prototype of the “double parallelogram exoskeleton” coupled with the
EVA glove. With respect the first version already shown in Figure 136 the part placed on the back of the
hand has been changed with a new one. This new element host a bevel gear that connect the
exoskeleton with the rotary brushless motor placed on the back of the hand.
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CHAPTER 6:

“Ends are not bad things, they just mean that something
else is about to begin. And there are many things that
don't really end, anyway, they just begin again in a new
way. Ends are not bad and many ends aren't really an
ending; some things are never-ending.”

C. JoyBell C.

CONCLUSIONS

The work presented in this thesis aims to describe the preliminary analysis and a possible solution to the
stiffness problem of the EVA spacesuits and gloves in particular. In order to overcome the negative
effects caused by the multilayer structure and the internal pressurization of the EVA glove, an
exoskeleton prototype has been designed. A series of preliminary studies had to be done before
designing the structure in order to deeply understand the requirements related to this kind of devices
and this very particular environment.

During the past few years, the total time of Extravehicular Activities performed by astronauts increased
significantly. Future mission will require a spacesuit which is capable of performing zero gravity
operations composed by many different tasks. This multi-role mission will require garment qualities
which are not available in any currently EVA spacesuit today. Future spacesuits will have to provide
excellent full body mobility, be extremely lightweight, robust and comfortable. Several problems come
from the current spacesuits during space missions. The bulk and the stiffness of the pressurized EVA
spacesuit glove are the major causes of reduced dexterity, lack of adequate tactility and overall hand
fatigue; all of these drawbacks reduce the duration of EVAs. This has led NASA to organize a specific plan
to improve EVA suits, and gloves in particular.

The first chapter of the thesis provides a chronological overview of the American and Russian EVA
spacesuits; a particular attention is paid to the EVA gloves in order to understand how they are
composed and built and the main reasons that cause the previously mentioned issues. Moreover a brief
discussion about the tomorrow’s EVAs needs has been provided. To fulfill all the needs, a hand
exoskeleton which can be embedded inside the space suit EVA glove has been proposed as a possible
solution to overcome the stiffness of the garment and to support human finger during its movements.
First of all it is essential to know the state of art of the technologies used in similar projects for different
type of applications, in particular robotic hands and exoskeletons hands. A comprehensive survey on
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literature related of both these fields is presented in the second chapter; moreover particular attention
to type of actuators, sensors and transmission strategy has been paid. The two major issues in the
design of a hand exoskeleton are represented by sensors and actuators. In the second part of the
chapter advantages and disadvantages of different kind of sensor and actuators have been briefly
reported. The outcome of this investigation shows that nowadays is very difficult to design a hand
exoskeleton that can be embedded completely inside the astronaut’s glove due to strong technological
limitations. The big size and the low power density of the existing actuators are obstacles in the design,
since the requirement of dimensions and weight of the project are very important. Although different
types of actuators are small enough to satisfy the requirements, they do not provide enough power to
properly actuate the structure designed to overcome the stiffness generated by the EVA glove. Despite
all the problems, classical electrical motors seem to be the most reliable option. Electrical motors do not
have the power density required for direct placement on the back of the finger, or the dimension for
directly driving those joints; these systems will continue to rely on performance-sapping transmissions
and gear reduction, with actuators located on the back of the hand, forearm or elsewhere. An advance
in actuation technology is a mandatory step to realize a device that today is beyond the edge of current
technologies.

The exoskeleton hand will interact with two different objects: the human hand and the EVA glove. Both
of them provide different constraints and so a deep knowledge of these two elements is mandatory.

The hand is the human best tool for handling, grasping, drawing, writing and many other tasks; in order
to mimic it, the structure of the mechanism must have the same proportions, dimensions and
capabilities. The third chapter provides a comprehensive study on the human hand as a preliminary step
towards the development of any application or device to be interfaced with the human being, which
needs to emulate and imitate the human hand shape and functionality, such as the exoskeleton. In the
first part of the chapter an anatomical study of the human hand has been performed. The most
important biometric parameters, such as anthropometric lengths, range of forces, torques and
velocities, maximum displacement, intra and inter constraints have been gathered from several studies.
Then, an overview on the various categories of grips and pinches has been reported. Moreover, a
generalized model of the human hand is presented. The kinematic analysis of the human hand has been
investigated in detail using the modified Denavit-Hartenberg convention to obtain the parameters,
matrices and equations both for the direct and inverse kinematics. Finally the dynamics of a single finger
has been obtained by means of the Euler Lagrange method.

The EVA glove is realized to protect from the harsh outer space conditions strongly reducing hand
performances, in particular dexterity, tactile perception, mobility and strength. It is mandatory to
understand the effects that this glove generates to the human hand as a consequence of its multilayer
structure and internal pressurization. Chapter four provides results coming from experimental tests
performed on a real Russian space glove, model Orlan-DM. First of all experimental data regarding the
performances in terms of hand and finger strength reduction and hand fatigue augmentation have been
obtained both in pressurized and unpressurized conditions. The main peculiarity of this study with
respect to other similar works is the choice to investigate the left hand instead of the right one. The left
hand results to be the “weaker hand” for a great percentage of the human beings, but covers a
fundamental role in any kind of job and activity. Usually, in order to perform tasks that involve both
hands, a human being uses its main hand to execute precision works (e.g. pull the trigger of a drill, turn a
screwdriver), whereas utilizes his weak hand to perform power tasks (e.g. hold in position objects). The
results show that the effects, especially in non—pressurized conditions, are strongly dependent on the
specific executed task. Moreover the performances in pressurized conditions result to be dramatically
reduced. Then it was important to quantify the stiffness of the EVA glove measuring the torque applied
by the glove on each articulation of the human hand. The knowledge of the magnitudes of the torques is
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fundamental in an exoskeleton design because it became an important constraint on the elements that
compound the device. Two different series of tests, with two different measurements setups, have been
performed. In the first one a thin distributed pressure sensor has been placed on the whole hand, while
in the second one a robotic finger probe, equipped with accelerometers, has been utilized to achieve
the goal. It can be noticed that the pressurization sharply increases the stiffness of the glove, moreover
it increases further for big flexion angles, when the rigid or semi-rigid elements of the glove touch each
other and the layers fold on each other.

In the fifth chapter three different possible options for an index exoskeleton have been proposed and all
the steps toward their structure design were presented. The first two prototypes underlie the same
actuation concept: the single effect wire actuation. This is an asymmetric transmission system made up
by a series of wires that actuate the structure only in one direction, while the recall movement is
effected through passive elements, e.g. elastic components. This kind of actuation system has been
chosen in order to minimize the dimensions and weight of the final device. However, its compactness
and small dimension causes very short arms of the forces transmitted by the tendons, and consequently
low torques. In order to increase the values of the torques applied by the exoskeleton on the glove, the
tendon tension, and then the power of the actuators, had to be increased. However stronger actuators
mean higher stresses on the structure. Moreover this kind of actuation strategy generates a
superposition effect between all the joints of the robotic structure: this makes the control of the system
very difficult.

The third prototype relies on a completely different mechanical scheme based on the double
parallelogram mechanism. The motion transmission in this case is performed by means of rigid linkages,
instead of wires, and so a bidirectional actuation is now possible. Bidirectional actuation generates
movements both in flexion and extension; usually it results to be bigger than the single effect. This
actuation strategy tries to solve the inconvenient previously explained, partially neglecting the problems
related to dimensions against an increased importance of internal stresses. Due to its dimension this
solution cannot be embedded inside the EVA glove, while it has to be attached on the back of the hand.
The peculiarity of the proposed architecture with respect to similar devices is that the dimensions of
each single element have been optimized in order to reproduce a very specific movement: the
cylindrical grasp.

Future Work

Since this thesis has dealt with a complex project, with a number of multidisciplinary open questions,
then some aspects could be investigated more thoroughly, towards the development of a whole hand
exoskeleton device.

For examples all the tests performed on the EVA glove were limited to one single EVA glove model.
Moreover the physiological tests on the hand performances involved only four different tasks. Therefore
it would be interesting to expand the experiments made on the Orlan-DM to other EVA gloves,
increasing the number of tasks and with more subjects as well.

Moreover there is still a lot that remains to be done, especially in relation with actuators and structure.
For what concern the actuators, new technologies need to be developed and implemented, in order to
guarantee better performances with reduced dimensions. For example, a possible future actuating
strategy could involve the usage of shape memory alloys and polymeric actuators, as their potentiality
appear very promising.

Regarding the structure, first of all the single finger architecture has to be replicated to the other fingers
in order to realize a complete hand exoskeleton. Particular attention has to be devoted to the thumb,
whose complex kinematic scheme has to be properly analyzed.
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Moreover, as the third prototype actuates a single degree of freedom with a very specific kinematic
ratio between the phalanges, performing a single grip, a possible future development could be the
realization of a device able to perform different grips and pinches. For example, under-actuations is a
possible interesting solution, generating synergic movements that model the device as a function of the

shape of the grasped object.
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APPENDIX:

ELEMENTS OF ROTO-TRANSLATION MATRIX Q

Qll Q12 Q13 Q14
Q' — Q21 Q22 Q23 Q24

'@ Qa2 Q33 Qs
0 0 0 1

Four Fingers Matrix Q;

The subscript i related to the specific finger was omitted; c6; and s6; stand for cosine and sine of 6;,
respectively.

Q1= <(@pp + Op1p) [CQMCPf/e (CQCMCCQMCPa/a) - SQCMCSGMCPf/e] +
—5(0p1p + cOprp) [SQMCPf/e (CQCMCCQMCPa/a) + SQCMCCQMCPf/e] ;
Qiz=—s(Opp + 6psp) [CQMCPf/e (CQCMCCQMCPa,a) - SBCMCSGMCPf/e] +

—c(8p1p + Opip) [SGMCPf,e (CQCMCCQMCPa,a) + SBCMCCBMCPf/e] ;

Q13 = CBCMCSBMCPa/a;

Qua = [CQMCPf/e (CQCMCCQMCPa/a) - SOCMCSQMCPf/e] [L3xC(9P1P +6p1p) = L3,S(0p1p + Opip) + L1 + LZCOPIP] +

- [SQMCPf/e (CQCMCCQMCPa/a) + SQCMCCGMCPf/e] [L3xs(9PIP +6p1p) + L3 ,c(0pip + Oprp) + L259P1Pf/e] +

+L3, (CGCMCSQMCPab/ad) + LocOcmc;
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Q21 = SOmcpy,,COumcpy;,C(Opip + Op1p) — SOmcr, . SOmcr 1/ S(Opip + Op1p);
Q22 = _SGMCPa/aCGMCPf/eS(QPIP + 6pip) — SQMCPa/aSGMCPf/eC(QPIP + 6pi1p);
Q23 = _CQMCPa/a;

Q24 = SOumcp,;,COmcr;/, [L3xc(9P1P +6p1p) = L3,5(6pip + Oprp) + L1 + L2C9P1P] +
—=SOmcp,;,SOmcr ), [L3x5(9PIP +6p1p) + L3 ,c(0pip + Oprp) + LZiSQPIPf/e] — L3, cOumcp,
Q31 = ¢(Opip + Opip) [CQMCPf/e (SQCMCCGMCPa/a) + CQCMCSGMCPf/e] +
+5(6p1p + Opip) [CQCMCCGMCPf,e — SOumcpy), (SQCMCCQMCPa,a)] ;
Q32 = —s(Opip + Opip) [CQMCPf/e (SHCMCCHMCPa/a) + CBCMCSGMCPf/e] +

+c(8p1p + Opip) [CBCMCCBMCPf/e — S6umcpy), (SQCMCCQMCPa/a)] ;

Q33 = SQCMCSOMCPa/a;
Q34 = [CQMCPf/e (SHCMCCHMCPa/a) + CBCMCSGMCPf/e] [L3xC(9P1P +6p1p) = L3,S(0p1p + Oprp) + L1 + LZCOPIP] +
+ [CQCMCCQMCPf/e — SOumcry/, (SQCMCCQMCPa/a)] [Lsxs(eplp + Opip) + L3yc(9PIP + 6pip) + L259P1P] +

+L3, (SQCMCSQMCPa/a) + LosOcmc;

Thumb Matrix Q,

The subscript i=0 related to the thumb was omitted; C9j and 59j stand for cosine and sine of @;,
respectively.

Qi1 = €Ormcy,COrmcy) COmcp + O1p) — cOrmc, ,SOrMC,),S(Omcp + O1p);
Qiz = —COrmc,;,cOrmcs o S(Omce + 61p) — Ormc,,,SOrmc;),C(OMcr + O1p);
Q13 = 59TMca/ai

Qua = COrmc,,,COrmcy,, [szC(QMCP +61p) — Lo, s(Omcp + 61p) + L1cOuycp,, + Lo] +

—COrmcy 0 SOTMCs ), [LZXS(QMCP +61p) + Lo c(Oycp + 01p) + L159MCPf/e] + L3, 507rmc, 0

Q21 = SOrmc,,COrmcy) € (Omcr + O1p) — SOrmc, ), SOTMC, /oS (OMcp + O1p);
Q22 = _SQTMCa/aCQTMCf/eS - SQTMCa/aseTMCf/eC(eMCP + 61p);
Q23 = _CQTMCa/a;

Q24 = SOrmc,,,COrmcy), [L?;xC(BMCP +61p) — L3, s(Omcp + 61p) + L1¢Oucp,, + Lo] +
—SOrMcy0SO0TMCS e [L3xs(9MCP +0;p) + L3 c(Oycp + 01p) + L1059MCPf/e] — COrmcy ols,;

Q31 = SOrmc;;,¢(Omce + 01p) + cOrmc;,,S(Omce + O1p);

Q32 = —SOrmc;,,SOmcp +61p) + cOrmc;,,C(Ouce + O1p);

Q3= 0

Q34 = SOrumcy, [L3xc(9MCP +6p) — L3, s(@mcp + 01p) + L1COycp,, + Lo] +

+cOrmcy), [LtO_xS(eMCP +61p) + Leo y(Bmcp + 01p) + L159M¢:Pf/e]i
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EULER-LAGRANGE EQUATION COEFFICIENTS

[A][] = [b]

c; and s6; stand for cosine and sine of 6;, respectively.

A= my [(b3x5¢3 + b3yC¢3)2 + (b3xc¢3 - b3y5¢3)2] + (Mg + ms)Ly % + 15
Ay = mylLy[sps(baysips + b4yC1/)4) + c3(baxcipy — b4y57~/)4)] + msLlyLyc(P3 — Ys)
Az = mgly [5¢3(b5x5¢5 + b5yC1/15) + C¢3(b5xC1/15 - b5y51/15)]
Ay = myly [5¢3(b4x5¢4 + b4yC¢4) + Cll)s(b4xC1/J4 - b4y5¢4)] + mgLiLyc(Y3 — Ps)
Az = my [(b4x5¢4 + b4yC¢4)2 + (b4xC1/J4 - b4y5¢4)2] +mgl, +1,
Az = mgl, [S¢4(b5x5¢5 + bsyc¢5) + C¢4(b5xc¢5 - b5y5¢5)]
Az = msly [5¢3(b5x5¢5 + b5yC1/15) + C¢3(b5xC1/15 - b5y51/15)]
Ay = MsLy[ss(bsysps + bsycs) + ciha(bsycps — bsysis)|
Azz3 = ms [(b5x51/)5 + b5yC¢5)2 + (b5xC¢5 - b5y51/15)2] + I
By = 13— kss +ks(hs —3) — B33 + Ba (1’[;42 - 1/’3) +
+ms (b3xl/}3251/)3 + b3yl/}32Cl/}3 - m3g) (bsxcyps — b3y51/’3) +
+my L5y (b4y1/)4251/)4 - L11/).32C1/)3—b4x1/).42“/)4) +
—myLics (g - L11/)3251/J3 - b4x1/)4251/i4 - b4y1/).42C1/J4) +
+msLysys (¢52(b5y5¢5 - bstI/’s)_L11/}3ZCl/’3_L2¢4ZC¢4) +
+msLicys (1/}52(b5xs¢5 + bsyctps) + L11/53251/13 + L21ﬁ425’l’4 - g);
By = T4 —ka(Ps —P3) + ks(Ps — ¥a) — Ba(a — ¥3) + Bs(¥s — Yu)
+Mmy (—L1¢32C¢3—b4x¢.42C¢4 + b4y1/).4251/)4) (b4x5¢4 + b4yC¢4)
+Mmy (L11/)3251/13 + b4x1/)4251/14 + b4y1/).42C1/14 - g) (b4xC1/J4 - b4y5¢4)
+msL,sy, (_L11/53ZC¢3—L2¢4ZC¢4—b5xl/5520¢5 + bsy'ljszs’l’s)
+msL,ci, (L1¢325¢3 + L2¢4251/’4 + b5x1ﬁ5251/’5 + b5y1/}520¢5 + 9)
75 — ks (s — P4)—PBs (s — Pa) +
+ms (L2¢4251/J4+l11/1'325¢3 + 9) (b5xC¢5 - b5y51/15) +
—Ms (L11/)32C1/13 + lz¢4zc¢4) (b5x51/15 + bsyaps)i

ou)
w
I
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