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THEREON

(57) Abstract: A method for actuating a mechanism adapted to impose a
Fig. 1 20a prefixed relative movement between said first rigid link (3) and said sec-

( PRIOR ART) ' ) /

ond rigid link (5). The mechanism comprises revolute joints and may be a
parallelogram mechanism (10a, 10b), a pantograph remote centre of rota-
tion mechanism (RCRM, 11 ), or a multiple-degrees-of-freedom mecha-
nism (10c) thereof. The method allows reducing the torque requirements
of the actuators and increasing the stiffness of the transmission, for a given
required actuating torque/force, with no need of particularly cumbersome
components proximate to moving parts. The method provides coaxially ar-
ranging at one or more selected revolute joint/s (37a-d, 47¢-d) a number of
idle pulleys (32a-d, 47a-f) which is greater than the number of degrees of
freedom of the mechanism, the first of the selected revolute joint/s (37a,
47a) having preferably its rotation axis fixed with respect to the rigid link
(3); the methods provides furthermore arranging an inextensible cable (33,
43) between a traction point (34, 44), e.g. a gripping point of an actuator,
Fig. 1" 1 and a terminal point (36, 46) on the mechanism or on the second rigid link
( PRIOR ART ) . / (5). By pulling the inextensible cable (33, 43) at the traction point (34,
44), a multiplied torque is produced which is the sum of singular torques
produced by the inextensible cable (33, 43) at each idle pulley (32a-d,
47a-1), the multiplied torque causing a relative movement between the
links (3, 5). The method provides arranging a further inextensible cable
5a which forms contact arcs preferably symmetrically to said contact arcs
about the same pulleys of the other cable, for bilaterally actuating the
mechanism, i.e. causing opposite relative movements between the first and
the second links (3, 5), which allows implementing such opposite limb
movement as abduction/adduction of the phalanx of a finger. A hand ex-
U oskeleton that uses the method is preferably obtained by serially arranging
two pantograph RCRM to implement proximal and medial phalanx and a
crossed parallelogram mech. for implementing distal phalanx joints of at
least a finger. In a mechanism like the one used for the cable used to actuate a more distal mechanism must cross more proximal
mechanisms, which may occur in active, collaborating mode, or in a neutral mode.
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TITLE

METHOD FOR REMOTE MECHANISM ACTUATION AND EXOSKELETON
APTIC INTERFACE BASED THEREON

DESCRIPTION

Field of the invention

The present invention relates to:
- a method for remotely actuating a mechanism,
- a remote centre of rotation mechanism (RCRM) which is actuated
according to the method, and
- a hand exoskeleton haptic interface that is based on such remote centre
of rotation mechanism.

The method and the mechanism can be used, for instance, to provide
devices that are suitable for implementing human-isomorphic kinematics, such
as active ortheses, exoskeletons for human performance augmentation or for
rehabilitation, haptic interfaces of exoskeleton type for applications of virtual
reality (VR) and tele-operated systems, surgical robots and the like.

Background of the invention

Robotic systems are known, which interact with human limbs, comprising
rigid links and one or more mechanisms, which are adapted to connect such
links to one another, in order to form one-degree-of-freedom or multiple-
degrees-of-freedom devices. A multiple-degrees-of-freedom device can
comprise a plurality of one-degree-of-freedom mechanisms that are serially
connected to each other through a plurality of intermediate links, to provide a
kinematic serial chain. In this case the first link of the chain is called proximal
link, the last link of the chain is called distal link, and the intermediate links, if
any, are called medial links. Furthermore, the devices comprise actuators for
applying a motive force to the mechanism.

In some robotic systems that physically interact with the human being,
like active ortheses, exoskeletons for rehabilitation purposes, exoskeleton
haptic interfaces, surgical, VR or tele-operated systems, specific objects are
pursued. In particular, it is desirable:

- to limit the weight and total encumbrance of the device,
- to limit the weight of the movable parts of the device,

CONFIRMATION COPY
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- to implement a kinematics that is as far as possible isomorphic to human
limbs kinematics; in other words, the axis of the joints of the device must be
substantially aligned with the corresponding axis of the joints of the limbs with
which the device interacts.

As well known, the first and the second objects can be pursued by
positioning the actuators on a fixed base or on a proximal link of the device,
i.e. in a position that is far away from the medial links and the distal link.

The use of remote centre of rotation mechanisms, or RCRMs, is also
known, to limit the physical encumbrance of the part of the mechanism in the
neighbourhood of the rotational axis, as it is described for instance in
US2006264915 and US2003221504. These documents describe surgical
robots for mini-invasive operations, in which a two-degrees-of-freedom
rotatable joint must be implemented in which two rotational axis intersects
close to a cut on the patient’s skin: to this purpose, and to limit interference
with the patient's body, at least one RCRM is used. Neverthless, both
US2006264915 and US2003221504 fail to achieve a satisfactory result due to
the encumbrance of the components of the device that is used to actuate
respective mechanisms, i.e. to transmit the movement from an actuator to the
mechanism.

In the case of the haptic interfaces of VR or tele-operated systems, and
in the case of rehabilitation exoskeletons, it is necessary:

- to reduce the mass of the movable parts, for improving the performances
of the feedback force in terms of bandwidth of the force actuation, steadiness
and precision; ‘

- providing a kinematics that is as far as possible isomorphic to the human
limbs kinematics, to allow a good estimation of the posture of the limbs.

Haptic interfaces are known that are specifically conceived to solve such
problems. For example, W0O95/10396 discloses a hand exoskeleton, which
comprises several finger exoskeleton members that are substantially
isomorphic to respective fingers, with which they interact. Four rotational
degrees of freedom for each finger exoskeleton member are provided, three of
which are sensorized and actuated about an axis that is aligned with the axis
of respective flexion/extension phalanx joints, and one degree of freedom
which is only sensorized, but not actuated. Each finger exoskeleton member
comprises:
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- an RCRM based on a circular guide, which is used for implementing the
proximal flexion/extension joint;
- three revolute joints, which are conventionally made by means of ball
bearings, for implementing the medial and distal flexion/extension joints, as
well as the abduction/adduction joint;
- three cable transmission systems, which are used to transmit the torque
from each actuator to the respective joint.

The actuators are arranged on the first mobile link, i.e. far away from the
respective actuated joint.

Such exoskeleton has the following drawbacks:

- the cumbersome parts are located laterally with respect to the
mechanisms, therefore the abduction/adduction movements are somewhat
hindered;

- a relatively high torque is needed to actuate the mechanism, therefore
relatively large sized actuators are required, which increase the overall device
encumbrance;

- the cables are pliable and the gear ratio between the actuators and the
respective joints is relatively low, therefore the cable transmission in scarcely
stiff;

- the circular guide is heavy and relatively difficult to make.

Light and compact devices, with particular reference to mobile parts,
which are well suited for implementing a kinematics that is substantially
isomorphic to human limbs kinematics, are also required to provide active
ortheses and exoskeletons for human performance augmentation. These are
robotic systems that may be used, for instance, to assist the old and/or disable
people mobility. Such systems should be comfortable for the user, and flexible
to use. This goals are accomplished again by positioning the actuators far
away from the joints they actuate; furthermore, a weight and encumbrance
reduction can be obtained by actuation techniques that require less the torque
to the actuators. A kinematics as far as possible isomorphic to human limbs
kinematics is useful to achieve this reduction; furthermore, such isomorphic
kinematics allows providing devices in which the movements that corresponds
to joint movements are comprised within the physiological range of human
limbs relative movements, which is an essential safety requirement.
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Figures 1A and 2 show prior art technique based devices 20a and 20b
for respectively actuating a pantograph mechanism 11 and a parallelogram
mechanism 10a. As shown more in detail in figure 1B, pantograph mechanism
11 is a particular RCRM formed by two articulated parallelograms 1a and 1b,
which are connected to each other such that a first movable arm 2a of first
parallelogram 1a, proximate to fixed arm 3a, is integral to a first arm 4b of
second parallelogram 1b and a second movable arm 4a of first parallelogram
1a, proximate to a first movable arm 2a of first parallelogram 1a, is integral to
a second arm 2b of second parallelogram 1b, proximate to a first arm 4b of
second parallelogram 1b. In particular, arms 4b and 2b of second
parallelogram 1b are respectively an extension of arms 2a and 4a of first
parallelogram 1a. The two couples of stiff bodies (2a,4b), (2b,4a) are then
rotatable with respect to each other about a point at which a revolute joint 8b is
arranged. This way, the relative position of parallelogram 1a and parallelogram
1b is completely defined by angle 6 formed between respective directions of
first arm 2a and fixed arm 3a. Pantograph mechanism 11 has therefore only
one degree of freedom, even if it comprises a plurality of revolute joints. Owing
to the features of parallelograms, arm 5a of second parallelogram 1b, which is
parallel to arm 4b of the same parallelogram, rotates about an axis that is fixed
with respect to fixed arm 3a of first parallelogram 1a. The intersection of this
axis with the plane where mechanism 11 extends is the remote centre of
rotation 9.

According to the above-mentioned prior art, the following parts are
provided for actuating pantograph mechanism 11 or parallelogram mechanism
10a (figures 1A and 2):

- a drive pulley 21 that its axis integral to a fixed arm 3 and is rotatably
arranged about the shaft 25 of an actuator, not shown;

- an idle pulley 22 that is connected to a movable arm of mechanism 11 or
10a; the axis 26 of idle pulley 22 coincide with the axis of revolute joint 8a
arranged between movable arm 2a the mechanism 11 or 10a and fixed side
3a (figure 1B),

- a tightened cable 23 that has ends 24 and 27 respectively fixed at a
peripheral point 24 of drive pulley 21 and at a point 27 of mechanism 11 or
10a; cable 23 is partially wound about drive pulley 21 and idle pulley 22, with
which respective contact arcs 7a and 7b are formed.
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Cable 23 transmits an actuating torque from drive pulley 21 to
mechanism 11 or 10a, which causes a movement of the mechanism. In
particular, arms 3a and 5a of pantograph RCRM mechanism 11, i.e. stiff arms
3 and 5, perform a relative rotation about centre of rotation 9 by angle 8 (figure
1A), whereas arm 2d of parallelogram mechanism 10a translates with respect
to arm 2f of the same mechanism, the position of arm 2d being defined with
respect to arm 2f by an angle B (figure 2) by which the only degree of freedom
of parallelogram mechanism 10a can be described.

A deflecting pulley 28 (figure 1B) may be provided for guiding cable 23 by
drive pulley 21 up to idle pulley 22, in such way that contact arc 7b can be
formed between cable 23 and idle pulley 22.

As well known, the ratio R between the torque M; provided by the
actuator that moves drive pulley 21 and the torque M; received at mechanism
11 or 10a is equal to the ratio between the angular speed w; of idle pulley 22
and the angular speed w4 of drive pulley 21, which in turn is equal to the ratio

between the radius ry of drive pulley 21 and the radius r; of drive pulley 22, i.e.
M, o,
L=t [1]

R=—"1=
M, o r

A reduction of the torque that the actuator has to supply for obtaining a
given torque at mechanism 11-b, according to the prior art, can be achieved
only by lowering the ratio between idle pulley 22 radius ry and drive pulley 21
radius ry, i.e. by decreasing ry and/or by increasing r,. However, drive pulley 21
radius ry cannot be reduced at will, to avoid premature fatigue failure of cable
23. On the other hand, in the case of an exoskeleton or of a haptic device, an
interference may arise between a cumbersome idle pulley 22 and the limb with
which the device interacts; in such applications as virtual reality and tele-
operated systems, a cumbersome idle pulley may unacceptably limit the visual
field. More in general, by increasing idle pulley 22 radius rz, the overall
dimensions of the actuated mechanism could unacceptably increase.

A further prior art device is known from US2007/089557, in which a
multiple-cable transmission mechanism is provided for an end effector. A
robotic arm is provided which comprises a linkage assembly and a strap drive
train. The linkage assembly has a plurality of links pivotally coupled in series
together with a plurality of joints to define a parallelogram with an insertion
axis. The strap drive train includes first and second sets of straps coupled to
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the linkage assembly. Neverthless, this device cannot reduce the torque that
the actuator has to supply for obtaining a given torque at end effector, in other
word it is not suitable for multiplying the torque from the actuator to the end
effector.

Briefly, above mentioned prior art methods for remotely actuating
mechanisms, in particular pantograph and RCRN mechanisms, does not allow
neither multiplying output torque, nor increasing transmission stiffness, unless
a cumbersome motor or a cumbersome transmission element, like idle pulley
22, is provided, which may be unacceptable for a wide range of applications
where such mechanisms may be required.

Therefore, a need is felt of a method and a device for actuating
mechanisms, in particular pantograph mechanisms and other RCRM
mechanisms, by which high output torques and improved transmission
stiffness can be achieved, without increasing either actuator size or actuated
mechanism overall dimensions; in particular, the method and the device
should be obtained without arranging cumbersome mechanic components
closely to the part of the mechanism at which a tool and/or an interface with
human body are located.

Summary of the invention

It is therefore an object of the present invention to provide a method for
remotely actuating a mechanism, in particular a remote centre of rotation
mechanism (RCRM) or a pantograph mechanism, which overcomes the
above-mentioned limits of prior art methods.

It is a particular object of the invention to provide such a method which
allows increasing the torque or force that is produced at an output link of the
mechanism without using a large sized actuator and/or a cumbersome
force/torque transmission component, such as a large diameter idle pulley at
the mechanism entrance.

It is another particular object of the invention to provide such a method
which reduces the torque that an actuator has to supply for producing a given
torque or force at an output link of the mechanism, without using a
cumbersome force/torque transmission component such as a large diameter
idle pulley at the mechanism entrance.

It is another particular object of the invention to provide such a method
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which increases the torquef/force transmission stiffness of the actuated
mechanism.

It is another object of the present invention to provide a device for
remotely actuating a mechanism, in particular a remote centre of rotation
mechanism (RCRM) or a pantograph mechanism, that is adapted to carry out
such a method.

It is further object of the present invention to provide a haptic interface
exoskeleton, in particular a haptic interface hand exoskeleton, based on such
a method/device.

These and other objects are achieved by a method for actuating a
mechanism, the mechanism having a predetermined number of degrees of
freedom, the mechanism comprising a plurality of revolute joints, each revolute
joint having a rotation axis, the mechanism connected to a first rigid link and a
second rigid link, and the mechanism adapted to impose a prefixed relative
movement between the first rigid link and the second rigid link, the method
comprising the steps of:

- selecting a subset of one or more revolute joint/s among the plurality of
revolute joints of the mechanism;

- rotatably arranging respective idle pulleys about the axis of the revolute
joint/s of the subset,

- arranging an inextensible cable according to a prefixed routing, the
routing extending between a traction point on the cable upstream of a first idle
pulley and a terminal point fixed on one of the links or on the mechanism; and
the routing comprising respective contact arcs of the inextensible cable about
the idle pulleys,

characterized in that the number of idle pulleys that are arranged at the
revolute joint/s of the subset is greater than the number of the degree/s of
freedom of the mechanism,

such that by pulling the inextensible cable at the traction point a multiplied
torque is produced which is the sum of singular torques produced by the
inextensible cable at each idle pulley, the multiplied torque causing a relative
movement between the links.

In particular, a first revolute joint of the subset has its respective rotation
axis fixed with respect to the first link.
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In particular, the first or the second link may be a base link, i.e. a link that
is fixed with respect to a structure; in this case, the second fixed is called the
output link of the mechanism.

Since the mutual distances between the axis of the revolute joints of the
subset do not change during the movement of the mechanism, the same is for
the idle pulleys; therefore, the length of each cable portion that does not
engage a contact arc with any idle pulley, is not affected by the movement of
the mechanism, while contact arc lengths generally change.

In particular, said subset comprises at least two revolute joints, and the
distance between any couple of consecutive revolute joints of said subset is
unchanged during any movements of said mechanism.

In particular, the routing is such that for a given movement of the
mechanism all the contact arcs increase in length, or they all decrease in
length.

The method allows generating an actuating torque at each idle pulley,
starting from the tension that is generated in the inextensible cable by an
actuator, a gripping point of which is connected to a traction point of the cable.
Therefore, the method according to the invention is called “Distribute torque
actuation technique”.

For each idle pulley an actuating torque contribution is obtained by
multiplying the tension of the cable by the radius of the idle pulley; such
actuating torque acts on adjacent rigid links that are joined by the revolute
joint, coaxially to which the idle pulley is arranged. The multiplied is the sum of
all the actuating torque contributions of the mechanism.

Therefore, for a given tension that is generated by an actuator at the
traction point of the cable, i.e., for a given torque delivered at a drive pulley,
the distributed torque actuation technique allows obtaining a multiplied torque
at the mechanism, or at an output link of it, with a reduced increase in overall
dimensions of the actuated mechanism, in particular, without arranging bulky
components close to the operating parts of the mechanism. Instead of
arranging a cumbersome pulley between the drive pulley and the mechanism,
small diameter idle pulleys are distributed throughout the mechanism, i.e. at
revolute joints of the mechanism, which reduce the overall dimensions and
mass of the actuated mechanism. Under another point of view, for a well-
defined force/torque demand at the output link, the technique allows reducing



10

15

20

25

30

35

WO 2010/022982 PCT/EP2009/006283

-9.-
the torque that the actuator has to supply. In other words, the equivalent
actuator-to-mechanism reduction ratio can be greater than the maximum
reduction ratio that can be obtained by the prior art technique for prefixed
maximum overall dimensions of the actuated device.

The technique according to the invention shows a further advantage if
some internal slack is present in the actuator, which frequently occurs in
gearboxes: due to the higher equivalent reduction ratio, such slack will disturb
less the smoothness of the movement of the output link than what is
experienced by prior art devices.

In particular, the mechanism is a remote centre of rotation mechanisms
(RCRM). More in particular, the remote centre of rotation mechanism is a
pantograph mechanisms.

In alternative, but not exclusively, the mechanism is a parallelogram
mechanism.

The mechanism to be actuated may also be a mechanism without
revolute joint, provided that an auxiliary revolute joints-containing mechanism
is coupled to the mechanism to be actuated in such a way that the mechanism
which results from the coupling of the mechanism to be actuated and of the
auxiliary mechanism has the same number of degrees of freedom of the
mechanism to be actuated, which does not have revolute joints.

In case of a pantograph RCRM, the pdsitions of all the rigid links are
completely defined by means of one scalar parameter, which describes the
only degree of freedom of the mechanism. Let 8 be the scalar parameter, i.e.
the angular position of the output link of the mechanism with respect to the
fixed link; due to the properties of the articulated parallelograms, which form
the pantograph mechanism, for a prefixed change A8 of angle 6, the angular
relative positions between each adjacent rigid bodies changes by the same
angle AB. By these conditions, the torque that is generated at each revolute
joint of the subset, at which an idle pulley is coaxially arranged, is transferred
to the output link of the RCRM with a torque transmission ratio 1:1. Therefore,
the total torque that is generated at the output link of the mechanism is the
sum of the torques that are generated at the revolute joints of the subset. In
other words, a pantograph RCRM that is actuated by the technique according
to the invention is equivalent to an RCRM that is actuated by the prior art
technique of figure 1B, in which a single idle pulley 22b, corresponding to the
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pulley that is arranged on the first revolute joint of the mechanism that is
actuated according to the invention, has an equivalent radius that is equal to
the sum of the radiuses of the idle pulleys on which the cable is wound.

Advantageously, the subset of revolute joints is a first subset of revolute
joints, in which the inextensible cable, the respective routing, the traction point
and the terminal point are respectively a first inextensible cable, a first routing,
a first traction point and a first terminal point, the following further steps are
provided:

- selecting a second subset of one or more revolute joint/s among the
plurality of revolute joints of the mechanism;

- rotatably arranging respective idle pulleys about the axis of the revolute
joint/s of the second subset,

- arranging a second inextensible cable according to a prefixed second
routing, the second routing extending between a second traction point on the
second cable upstream of a first idle pulley and a second terminal point fixed
on one of the links or on the mechanism; and the second routing comprising
respective contact arcs of the second inextensible cable partially wound about
the idle pulleys,

wherein the number of idle pulleys that are arranged at the revolute joint/s of
the second subset is greater than the number of the degree/s of freedom,

such that the mechanism is bilaterally actuated by pulling the first and the
second inextensible cables at the respective first and second traction points,
i.e. opposite torques/forces are selectively applied to the mechanism which
causes corresponding opposite relative movements between the first and the
second links. The distance between two consecutive revolute joints may be
measured as the distance between respective axes of the revolute joints,
parallel to the plane where the mechanism extends.

In particuiar, a first revolute joint of the second subset has its respective
rotation axis fixed with respect to the first link.

In particular, the distance between any couple of consecutive revolute
joints of the second subset is unchanged during any movement of the
mechanism.

This way, the method allows implementing limb exoskeleton joints that
move according to reciprocally opposite directions, such as the wrist, or the
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joints between the phalanxes of the fingers, where a flexion/extension
movement is possible.

The first and the second routings may be advantageously made in such a
way that the total length of the transmission cables, i.e. the length of the first
cable plus the length of the second cable, is unchanged for any position that
may be reached by the mechanism. This way, the tension of the cables during
the actuation of the mechanism is the same as at rest. To this purpose, if the
first and the second subset are formed by the same revolute joints, it is
sufficient that the overall length of the contact arcs that are formed by the first
and by the second cable with the idle pulleys does not change during the
movement of the mechanism.

In particular, a first revolute joint of the second subset has its respective
rotation axis fixed with respect to the first link.

In particular, the distance between any couple of consecutive revolute
joints of the second subset is unchanged during any movement of the
mechanism.

Advantageously, therefore, the first and the second subset of one or
more revolute joint/s coincide with each other, and the first and the second
cables form on each of the pulleys respective first and second contact arcs
such that the first contact arcs vary in an opposite way with respect to the
second contact arcs during the movements of the mechanism, i.e. when the
first contact arcs increase, the second contact arcs decrease by a same
length.

In particular, the sum of the respective angles that are formed by the first
and by the second cable with each idle pulley is invariantly substantially equal
to 180 degrees. This way, the total number of the idle pulleys that are
necessary for bilaterally actuating the mechanism can be minimized.

The method provides furthermore a step of arranging a deflecting pulley,
preferably a couple of deflecting pulleys, at a predetermined distance from the
above-mentioned, idle pulleys, to ensure that, during the movement of the
mechanism in its own field of movement, the cable is kept in contact with the
idle pulleys that are arranged on the revolute joint. The axes of the deflecting
pulleys are integral to the rigid links of the mechanism.

In particular, a plurality of idle pulleys are rotatably arranged about the
axis of a revolute joint selected among the revolute joints of the subset, and a
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deflecting pulley is arranged preferably with its axis paralle! to the axis of the
selected revolute joint at a prefixed distance from the selected revolute joint,
and the inextensible cable forms redundant contact arcs with each idle pulley
of the plurality of idle pulleys; the inextensible cable also forms deflection arcs
about the deflecting pulley; the deflection arcs are aiternate to the redundant
contact arcs along the inextensible cable. This way, the above-mentioned
torque multiplication can be achieved by means of a small/simple mechanism
which has a limited number of revolute joint. In this case, the deflecting pulley
may in this reduce to a simple drum located in the vicinity of the selected
revolute joint

A multiple-degrees-of-freedom mechanism may be advantageously
actuated by the method according to the invention as well, in particular, the
multiple-degrees-of-freedom mechanism may comprise a plurality of
reciprocally interconnected one-degree-of-freedom mechanisms. For instance,
such one-degree-of-freedom mechanisms may be serially connected to one
another by means of a plurality of intermediate links, in such a way that a
serial multiple-degrees-of-freedom mechanism is obtained. The first link of the
serial mechanism is then called the proximal link, the last link is called the
distal link or the output link, and intermediate link/s, if any, is/are called the
medial link/s. Similarly, the first one-degree-of-freedom mechanism of the
serial mechanism, which connects the proximal link to the first medial link, is
called the proximal mechanism, the last one-degree-of-freedom mechanism of
the serial mechanism that connects the last medial link with the distal link is
called the distal mechanism and the intermediate mechanism/s, if any, is/are
called the medial mechanism/s. Therefore, the proximal and the distal links are
connected to another link by means of an one one-degree-of-freedom
mechanisms and the medial link/s, if any, is/are connected to two links by
means of two one-degree-of-freedom mechanisms. For instance, a three-
degrees-of-freedom mechanism provides a fixed proximal link, a first movable
medial link that is connected to the fixed proximal link by means a proximal
mechanism, a second movable medial link that is connected to the first
movable medial link by means a medial mechanism, and a movable distal link
or an output link that is connected to the second medial link by means of a
distal mechanism.
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A full actuation of a n-degrees-of-freedom mechanism may be provided
by means of n independent cable transmissions. If the n-degrees-of-freedom
mechanism comprises n one-degree-of-freedom mechanisms, each cable
transmission may actuate one respective one-degree-of-freedom
mechanisms.

A corresponding number n of actuators may also be provided. Each
actuator has a gripping point by which the actuator is connected to the traction
point of the corresponding inextensible cable, such that a traction can be
created in the inextensible cable through the gripping point.

Furthermore, the method may provide a step of arranging one or more
actuators, integral to the proximal link of the mechanism, in order to reduce the
mass of the movable parts of the actuating device of the mechanism, and to
avoid cumbersome components proximate to on in the operative zone of the
output link, where surgical instruments or various tools may be arranged. If the
actuators are arranged on the proximal link of the mechanism, each cable that
actuates the distal or a medial mechanism must cross the proximal and
possibly one or more medial mechanisms, which are arranged before the
respective actuated mechanism; the cable may form contact arcs with one or
more idle pulleys of each crossed mechanisms. In this case, the crossing may
take place in two different modes:

- an “active” mode, where the sum of the torques that are generated at the
idle pulleys of the crossed mechanism is different from zero: in this case, an
overall torque is produced on the crossed mechanism due to the tension of the
crossing cable. To obtain this effect it is sufficient that for a given movement of
the mechanism, all the contact arcs change in the same way, i.e. all the
contact arcs increase or they all decrease,

- a “neutral” mode, in which the above-mentioned sum is equal to zero: in
this case, the crossed mechanism is not affected by the cable that crosses it.

The active-mode crossing can reduce the torque that is required for
actuating the crossed mechanism. For this reason, an active mode crossing is
also called a cooperating crossing.

The neutral-mode crossing, instead, has the advantage of assisting the
control of the actuating device of the mechanism, since the degrees of
freedom of the mechanism are independent from one another.
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In particular, the mechanism is a serial mechanism which has at least
two degrees of freedom and comprises a proximal mechanism part and a
distal mechanism part, wherein a cable portion of the routing that moves the
distal mechanism part is wound also on idle pulleys of the proximal
mechanism part such that the proximal mechanism part is unaffected by the
cable portion. In other words, an one-degree-of-freedom mechanism that is
arranged between an actuator and a mechanism that is actuated by this
actuator, and is crossed as above indicated by a cable that transmits
torques/forces from the actuator to the actuated mechanism is not affected by
the transmission of such forces/torques.

Obviously, all this applies also in case of bilateral mechanism actuation,
i.e. when two inextensible cables are provided for actuating opposite
movements of the mechanism.

Advantageously, to provide a neutral-mode crossing

- the cable portion of the routing that moves the distal mechanism part and
that is wound about the idle pulleys of the proximal mechanism part have an
overall length that is unchanged during any movement of the proximal
mechanism part,
- the radiuses of the idle pulleys of the proximal mechanism part on which
the cable portion is wound have opposite sign depending on whether the
respective contact arcs increase or decrease in length during a movement of
the proximal mechanism, and the radii have sum equal to zero.

The above-mentioned objects, and other, are also achieved by a
mechanism actuated according to the distributed torque actuation technique,
and according to its improvements thereof, as it has been previously
described, and as it is stated in the claims 1 to 9.

In particular, the objects are achieved by a RCRM, more in particular a
pantograph RCRM, or by a parallelogram mechanism that is actuated
according to the distributed torque actuation technique.

The above-mentioned objects, and other, are also achieved by a hand
exoskeleton comprising
- a base link arranged in use substantially integral to the back of a hand of
a user,

- at least one finger exoskeleton, comprising a mechanism having two or
multiple-degrees-of-freedom, the finger exoskeleton comprising:
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- a proximal link connected to the base link by means of a proximal

remote centre of rotation mechanism, in particular a pantograph

mechanism, having a rotation axis substantially aligned with the
flexion/extension joint between the finger proximal phalanx and the
metacarpus;

- a medial link connected to the proximal link by means of a medial

remote centre of rotation mechanism, in particular a pantograph

mechanism, having a rotation axis substantially aligned with the

flexion/extension joint between the finger medial and proximal phalanges.
The main feature of this exoskeleton is that a remote centre of rotation
mechanisms of the remote centre of rotation mechanisms is actuated
according to the distributed torque actuation technique or by an improvement
thereof, as described in the above and as it is stated in the claims from 1to 9

Each finger exoskeleton is therefore a mechanism that has at least two-
degrees-of-freedom, and performs a kinematics that is isomorphic to the
kinematics of the proximal phalanx of the finger with respect to the
metacarpus, and to the kinematics of the medial phalanx with respect to the
proximal phalanx.

Advantageously, the finger exoskeleton comprises a distal link arranged
in use in contact with the palm side of the distal phalanx of the finger, the distal
link connected to the medial link by means of a distal mechanism having one
rotational degree of freedom, the distal link mechanism part having a rotation
axis substantially aligned with the flexion/extension joint between the finger
distal and medial phalanges,
the distal mechanism being in particular, selected from the group comprised
of:

- a remote centre of rotation mechanism, based on a pantograph
mechanism, forming together with the proximal and medial mechanisms a
three-degrees-of-freedom mechanism actuated by the distributed torque
actuation technique or by an improvement thereof, as above described;

- a simple crossed quadrilateral mechanism, actuated by a rotation of the
medial link with respect to the proximal link. The matching kinematic of the
distal mechanism with that medial allows reducing the number of actuators,
being still the same as two the number of degrees of freedom for each finger
exoskeleton. this simplification is acceptable for normal applications, kept con
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that, in a human in conditions natural, the bending distal is carried out in
concomitance when bending medial. In both cases, is caused to kinematics
substantially isomorphic to the kinematics of the movement of flexo-extension
of the phalanxes of the finger.

Advantageously, the medial mechanism is actuated by means of an
inextensible cable which forms contact arcs on the idle pulleys of the proximal
mechanism, the cable producing in the idle pulleys of the proximal mechanism
a couple that has a non-zero resultant torque value during a movement of the
medial mechanism, and/or the distal mechanism is actuated by means of a
further inextensible cable having parts wound about the idle pulleys of the
proximal and/or medial mechanism, the further cable forming contact arcs on
the idle pulleys of the medial and/or proximal mechanism torques having a
non-zero resultant torque value during a movement of the distal mechanism.
In other words, the cable that actuates the medial mechanism crosses the
proximal mechanism in active mode, and/or the cable that operates the distal
mechanism crosses the medial mechanism and/or the proximal mechanism in
active mode. This way, the medial transmission cooperates with the proximal
transmission, and/or the distal transmission cooperates with that medial and/or
with that proximal transmission: the tension of the transmission cable that
actuates the distal mechanism, which is necessary to balance the external
load transferred to the distal mechanism by the distal link, produces a torque
on the medial mechanisms and/or on the proximal mechanism. Such torque
contributes to equilibrate the medial and/or the proximal joints. Similarly, the
tension of the transmission that actuates the medial mechanism, which is
necessary to balance the external load transferred to the medial mechanism
by the distal link, produces a torque on the proximal mechanism that serves to
the equilibrate the proximal joint, in such a way that the torque requirements of
the actuators is further reduced. _

A further advantage of the active mode crossing is in this case the higher
overall stiffness of the exoskeleton, evaluated at the distal link.

Preferably, the finger exoskeleton comprises a further link that is
rotationally connected with the base link by means of a preferably
conventional revolute joint, for instance a ball bearing, which has its axis
substantially aligned with the axis of the abduction/adduction joint between the
finger proximal phalanx and the metacarpus; in this case, the proximal link is
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connected to this further link; the proximal link is also connected to the fixed
link preferably through to the further link and the conventionally implemented
joint. Each finger exoskeleton has therefore three or four-degrees-of-freedom,
and achieves a kinematics that is substantially isomorphic to the
adduction/abduction kinematics as well as to the flexion/extension of the
finger.

Brief description of the drawings

The invention will now be made clearer with the following description of
some exemplary embodiments, exemplifying but not limitative, with reference
to the attached drawings wherein:

— Figures 1A and 2 show respectively a pantograph RCRM and a
parallelogram mechanism that are actuated according to prior art technique;

—  Figure 1B is a more detailed view of the pantograph RCRM of figure 1A,
—  Figure 3 shows the parallelogram mechanism of figure 2, actuated by the
distribute torque actuation technique, according to the invention;

—  Figure 4 shows a two-translational-degrees-of-freedom parallelogram-
based mechanism that is actuated by distribute torque actuation technique;

— Figures 5, 8 and 9 show three embodiments of the distribute torque
actuation technique, to actuate the pantograph RCRM of figure 1A,

— Figures 6 and 7 show another one-degree-of-freedom mechanism
actuated by distribute torque actuation technique, in which a plurality of idle
pulleys are coaxially arranged at one revolute joint of the mechanism;

—  Figures 10 and 11 are two opposite side views of a hand finger
exoskeleton, comprising a three-degrees-of-freedom mechanism that is
bilaterally actuated by the technique according to the invention;

—  Figure 12 shows schematically a parallelogram crossed mechanism,
which is a part of the mechanism of figures figures 10 and 11,

—  Figure 13 shows an alternate three-degrees-of-freedom mechanism that
is suitable for use in a hand exoskeleton and for actuation by the technique
according to the invention.

In the above-listed drawings, items that are similar and/or have the same
function may be indicated with the same number, regardless of the
embodiment of the invention they belong or refer to.
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Description of preferred exemplary embodiments

Some devices are described hereinafter which use the distributed torque
actuation technique according to the invention for actuating mechanisms, in
particular, parallelogram-based and pantograph RCRM.

With reference to figure 3, a device 30 is described which actuates an
one-translational-degree-of-freedom parallelogram mechanism 10a by means
of the distributed torque actuation technique according to the invention. Device
30 comprises:

- a drive pulley 31 connected to an actuator (not shown) that creates a
rotational movement of drive pulley 31 about axis 35;

- four idle pulleys 32a-d that are coaxially arranged at revolute joints 37a-d,
which form a subset of revolute joints of mechanism 10a, which comprises in
this case all the revolute joints of mechanism 10a; device 30 has therefore
three idle pulleys more than the number of degrees of freedom (one) of
actuated mechanism 10a;

- an inextensible cable 33 that has a traction end 34 connected at a
peripheral point of drive pulley 31 and a further end 36, opposite to traction
end 34, that is connected at a point of fixed link 3. Inextensible cable 33
comprises a traction contact arc that is formed with drive pulley 31, and further
contact arcs that are formed with idle pulleys 32a-d; inextensible cable 33
causes idle pulleys 32a-d to rotate about respective axis.

By rotating drive pulley 31, inextensible cable 33 is pulled at traction point
34 and singular torques are produced by inextensible cable 33 at each idle
pulley 32 a-d. Parallelogram 10a receives therefore an overall, multiplied
torque that is the sum of such singular torques. In other words, the overall
torque acting on mechanism 10a is distributed on four revolute joint 37a-d.
The overall torque causes a translational movement of arm 2d of
parallelogram 10a, this movement being described by angle B, which
represents the only degree of freedom of mechanism 10a.

A second, mobile rigid link may be provided integral to arm 2d of
mechanism 10a. For the sake of clearness, the second link is not represented
in figures 3 and 2. The same applies for arm 4d of figure 4, which also refers
to a parallelogram-based mechanism actuated by the method according to the
invention.
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Furthermore, two deflecting pulleys 38a-b are rotatably arranged about
axis 39a-b parallel to the axis of idle pulleys 32a-d; deflecting pulleys 38a-b
serves to keep cable 33 in contact with idle pulley 32c during the movement of
the mechanism.

Taking equation [1] into account, the ratio R between the torque an
actuator provides at drive pulley 31, and the corresponding torque received by
mechanism 10a, can be written:

R = 5 _ _h 2]

ra+1;,+rc+rd req

where

- r1 is the radius of drive pulley 31,

- ra, o, fc and rq, are the radiuses of idle pulleys 32a-d,

- req is the radius of an idle pulley 22 of prior art device 20b of figure 2.

Equation [2] means that device 30 can be reduced to an equivalent
device 20b (figure 2) that is actuated by the technique according to the prior
art, in which only one idle pulley 22 is provided, whose (equivalent) radius is
equal to the sum of the radiuses of four idle pulleys 32a-d. By using relatively
small idle pulleys 32a-d distributed at revolute joints 37a-d of mechanism 10a,
it is possible to achieve the same torque reduction that may be obtained by
using a cumbersome idle pulley 22, located at the first revolute joint 26,
integral to fixed link 3.

As well known, the rotational stiffness of parallelogram and RCRM
mechanisms of figures 1A,1B and 2, is proportional to the square of the radius
of the pulley 22. A rotational stiffness increase, which would be possible by
increasing pulley radius 22, can be achieved by coaxially arranging a plurality
of idle pulleys at revolute joints of the mechanism, provided that the sum of the
squares of the radiuses of these idle pulleys is equal to the square of the
radius of idle pulley 22. In the case of device 30, where four idle pulleys are
provided, rotational stiffness is sixteen times the stiffness of an equivalent
device that is actuated by the prior art technique as in figure 2, provided that
all idle pulleys 22, 32 a-d have the same radius. The increase of rotational
stiffness by the distributed torque actuation technique allows:

- using a reduced size actuator to actuate each movement of the
mechanism,
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- obtaining a high bandwidth of the force actuation;
- obtaining a substantial mechanical backlash reduction.

With reference to figure 4, a device 40 is described which uses the
distributed torque actuation technique, according to the invention, for actuating
a two-translational-degrees-of-freedom, double parallelogram mechanism 10c,
which comprises a first parallelogram 10a, (see also figures 2 and 3), and a
second parallelogram 10b, the two parallelograms having a common arm 2d.
Device 40 comprises:

- two drive pulleys 31 and 41 connected to respective actuators (not
shown) that create a rotational movement of drive pulleys 31 and 41 about
respective axis 35 and 45;

- four idle pulleys 32a-d that are coaxially arranged at revolute joints 37a-d,;
- six further idle pulleys 42a-f, which are coaxially arranged at revolute
joints 37a-b, 47c-d, 37c-d; pulleys 37a-d and 47c-d forms a subset of six
revolute joints of mechanism 10c, which comprises in this case all the six
revolute joints of mechanism 10c. Therefore, device 40 has ten idle pulleys
arranged at six revolute joints, i.e. a number of idle pulleys that is greater than
the number of degrees of freedom (two) of mechanism 10c;

- an inextensible cable 33 that has a traction end 34 connected at a
peripheral point of drive pulley 31 and a further end 36, opposite to said
traction end 34, that is connected at a point 36 of fixed link 3. Inextensible
cable 33 comprises a traction contact arc that is formed with drive pulley 31,
and further contact arcs that are formed with idle pulleys 32a-d; inextensible
cable 33 causes idle pulleys 32a-d to rotate about respective axis;

- an inextensible cable 43 that has a traction end 44 connected at a
peripheral point of drive pulley 41 and a further end 46, opposite to said
traction end 44, that is connected at a point of fixed link 3. Inextensible cable
43 comprises a traction contact arc that is formed with drive pulley 41, and
further contact arcs that are formed with idle pulleys 42a-f; inextensible cable
43 causes idle pulleys 42a-f to rotate about respective axis.

By rotating drive pulley 31 and/or 41, inextensible cable 33 and/or 34 are
pulled at traction point 34 and/or 44, and singular torques are produced by
inextensible cable 33 and/or respectively at each idle pulley 32a-d and/or
42a/f. Parallelograms 10a and/or 10b receive/s therefore overall, multiplied
torque/s that is/are the sum of such respective singular produced, respectively,
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at idle pulleys 32a/d and/or 42b/e. The overall torque/s cause/s translational
movement/s of arm 2d and/or 4d. This/these movement/s are described by
angle/s B and/or y, which represent, respectively, the two degrees of freedom
of mechanism 10c. In particular, angle y describes the movement of arm 4d
with respect to arm 2d.

Furthermore, two couples of deflecting pulleys 38a-b and 48a-b are
rotatably arranged about respective axis 39a-b and 49a-b parallel to the axis of
idle pulleys 32a-d and 47a/f; deflecting pulleys 38a-b and 48a-b serves to
keep cable 33 and 43 in contact respectively with idle pulley 32c and 42d
during the movement of mechanism 10c.

Cable 43 is preferably guided to target mechanism 10b by a crossing
portion of the routing, or crossing-routing, through mechanism 10a. In this
case, crossing routing provides contact arcs of cable 43 at idle pulleys 42a and
42f. The number and the diameter of the idle pulleys that belong to a crossing
routing, as well as the contact arcs, can be defined such that an overall torque
is generated at mechanism 10a by cable 43 by crossing mechanism 10a. This
overall torque is the sum of torques generated at pulleys 42a and 42f. In this
case drive pulley 41 and cable 43 collaborate with drive pulley 31 and cable 33
to actuate mechanism 10a. In alternative, the number and the diameter of the
idle pulleys of a crossing routing, as well as the contact arcs may be chosen to
obtain a crossing routing, in which such sum is zero, and the crossing of cable
43 through mechanism 10a has no effect on mechanism 10a actuation. The
two degrees of freedom are in this case actuated independently with respect
to each other.

With reference to figures 5, 8 and 9, three devices 50, 60 and 70 are
described, which use the distribute torque actuation technique, according to
the invention, for actuating one-degree-of-freedom pantograph mechanism 11
of figure 1B.

In particular device 50 of figure 5 comprises:

- a drive pulley 31 connected to an actuator (not shown) that is integral to
fixed link 3; the actuator creates a rotational movement of drive pulley 31
about axis 35;

- two idle pulleys 32a-b that are coaxially arranged at revolute joints 37a-b
which form a subset of revolute joint of mechanism 11; device 50 has
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therefore one idle pulley more than the number of degrees of freedom (one) of
actuated mechanism 11;
- an inextensible cable 33 that has a traction end 34 connected at a
peripheral point of drive pulley 31 and a further end 36, opposite to said
traction end 34, that is connected at a point of arm 2b of parallelogram 11.
Inextensible cable 33 comprises a traction contact arc that is formed with drive
pulley 31, and further contact arcs that are formed with idle pulleys 32a-b;
inextensible cable 33 causes idle pulleys 32a-b to rotate about respective axis.

By rotating drive pulley 31, inextensible cable 33 is pulled at traction point
34 and singular torques are produced by inextensible cable 33 at each idle
pulley 32 a-b. Mechanism 11 receives therefore an overall, multiplied torque
that is the sum of such singular torques. In other words, the overall torque
acting on mechanism 11 is distributed on two revolute joint 37a-b. The overall
torque causes a rotation of link 5 about remote centre of rotation 9, this
movement being described by angle 8 whose vertex is remote centre of
rotation 9; angle 6 represents the only degree of freedom of mechanism 11.

Taking equation 1] into account, the ratio R between the torque an
actuator provides at drive pulley 31, and the corresponding torque received by
mechanism 11, can be written:

r +3 Teq (3]

where

- ry is the radius of drive pulley 31,

- ra, f'p, are the radiuses of idle pulleys 32a-b,

- leq is the equivalent radius of an idle pulley 22 of prior art device 20b of
figure 1A.

Equation [3] means that device 50 can be reduced to an equivalent
device 20a (figure 1A) that is actuated by the technique according to the prior
art, in which only one idle pulley 22 is provided, whose (equivalent) radius is
equal to the sum of the radiuses of two idle pulleys 32a-b. By using relatively
small idle pulleys 32a-b distributed at revolute joints 37a-b of mechanism 11, it
is possible to achieve the same torque reduction that may be obtained by
using a cumbersome idle pulley 22, located at the first revolute joint 26,
integral to fixed link 3.
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Similarly to device 30 of figure 3, In the case of device 50, where two idle
pulleys are provided, rotational stiffness is four times the stiffness of an
equivalent device that is actuated by the prior art technique as in figure 1A,
provided that all idle pulleys 32 a-b have the same radius.

Referring now to figure 8, a device 60 comprises:

- a drive pulley 31 connected to an actuator (not shown) that is integral to
fixed link 3; the actuator creates a rotational movement of drive pulley 31
about axis 35;

- three idle pulleys 32a-c that are coaxially arranged at revolute joints
37a-c of a subset of revolute joint of mechanism 11; device 60 has therefore
two idle pulley more than the number of degrees of freedom (one) of actuated
mechanism 11;

- an inextensible cable 33 that has a traction end 34 connected at a
peripheral point of drive pulley 31 and a further end 36, opposite to said
traction end 34, that is connected at a point of second link 5. Inextensible
cable 33 comprises a traction contact arc that is formed with drive pulley 31,
and further contact arcs that are formed with idle pulleys 32a-c; inextensible
cable 33 cause idle pulleys 32a-c to rotate about respective axis.

By rotating drive pulley 31, inextensible cable 33 is pulied at traction
point 34 and singular torques are produced by inextensible cable 33 at each
idle pulley 32 a-c. Mechanism 11 receives therefore an overall, multiplied
torque that is the sum of such singular torques. In other words, the overall
torque acting on mechanism 11 is distributed on three revolute joint 37a-c. The
overall torque causes a rotation of link 5 about remote centre of rotation 9, this
movement being described by angle 6 whose vertex is remote centre of
rotation 9; angle 8 represents the only degree of freedom of mechanism 11.

Taking equation [1] into account, the ratio R between the torque an
actuator provides at drive pulley 31, and the corresponding torque received by
mechanism 11, can be written:

I I

R = = [4]
L +L +L I,

where
- r1 is the radius of drive pulley 31,
- ra, fo, Ic are the radiuses of idle pulleys 32a-c,
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- leq is the equivalent radius of an idle pulley 22 of prior art device 20b of
figure 1A

Equation [4] means that device 60 can be reduced to an equivalent
device 20b (figure 1A) that is actuated by the technique according to the prior
art, in which only one idle pulley 22 is provided, whose (equivalent) radius is
equal to the sum of the radiuses of three idle pulleys 32a-c. By using relatively
small idle pulleys 32a-b distributed at revolute joints 37a-b of mechanism 11, it
is possible to achieve the same torque reduction that may be obtained by
using a cumbersome idle pulley 22, located at the first revolute joint 26,
integral to fixed link 3.

Similarly to device 30 and 40 of figure 3 and 4, In the case of device 60,
where three idle pulleys are provided, rotational stiffness is nine times the
stiffness of an equivalent device that is actuated by the prior art technique as
in figure 1A, provided that all idle pulleys 32a-c have the same radius.

Referring now to figure 9, a device 70 comprises:

- a drive pulley 31 connected to an actuator (not shown) that is integral to
fixed link 3; the actuator creates a rotational movement of drive pulley 31
about axis 35;

- five idle pulleys 32a-e, which are coaxially arranged at revolute joints
37a-e of a subset of revolute joint of mechanism 11; device 70 has therefore
four idle pulley more than the number of degrees of freedom (one) of actuated
mechanism 11;

- an inextensible cable 33 that has a traction 34 end connected at a
peripheral point of drive pulley 31 and a further end 36, opposite to said
traction end 34, that is connected at a point of second link 5. Inextensible
cable 33 comprises a traction contact arc that is formed with drive pulley 31,
and further contact arcs that are formed with idle pulleys 32a-e, causing a
rotation of idle pulleys 32a-d about the respective axis, and a rotation of pulley
32e about its own axis, together with link 5;

By rotating drive pulley 31, inextensible cable 33 is pulled at traction point
34 and singular torques are produced by inextensible cable 33 at each idle
pulley 32 a-e. Mechanism 11 receives therefore an overall, multiplied torque
that is the sum of such singular torques. In other words, the overall torque
acting on mechanism 11 is distributed on two revolute joint 37a-e. The overall
torque causes a rotation of link 5 about remote centre of rotation 9, this
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movement being described by angle 8 whose vertex is remote centre of
rotation 9; angle 0 represents the only degree of freedom of mechanism 11.
Equations [2], [3] and [4], can be generalized to case of n idle pulleys; the
ratio R between the torque an actuator provides at drive pulley 31, and the
corresponding torque received by mechanism 11, can be written:

Y,
R= = — 5]

where, in the case of device 70:

- n=>% |

- rq is radius of drive pulley 31,

- ri are the radiuses of the idle pulleys 32a-e,

- feq is the equivalent radius of an idle pulley 22 of prior art device 20b of
figure 1A.

According to equation [5] a device that has n idle pulleys can b reduced
to an equivalent device 20a equivalent (figure 1A) that is actuated according to
the prior art, in which only one idle pulley 22 is provided, whose (equivalent)
radius is equal to the sum of the radiuses of the n idle pulleys, of the five idle
pulleys 32a-e in the case of device 70. By using relatively small idle pulleys
32a-b distributed at revolute joints 37a-b of mechanism 11, it is possible to
achieve the same torque reduction that may be obtained by using a
cumbersome idle pulley 22, located at the first revolute joint 26, integral to
fixed link 3.

The rotational stiffness of a device that is actuated by the technique
according to the invention, n’ times the rotational stiffness offered by an
equivalent device 20, which is actuated according to the prior art of figure 1A,
provided that all the idle pulleys have the same radius. In particular, the
rotational of figure 70 is twenty-five times the rotational stiffness of equivalent,
conventionally actuated device 20 (figure 1A).

The difference between the above-described exemplary embodiments
consists mainly in the number of idle pulleys and in the selection of the subset
of revolute joint/s among the revolute joints of actuated mechanism 11.

With reference to figures 6 and 7, a device 19 is shown for actuating the
rotation of a mobile rigid link 5 about an axis integral to a fixed rigid link 3, i.e.
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for actuating a simple one-degree-of-freedom mechanism comprising a
revolute joint 32a. Device 19 comprises

- a drive pulley 31 connected to an actuator (not shown) that creates a
rotational movement of drive pulley 31 about axis 35;

- three idle pulleys 37a-c that are coaxially arranged at revolute joint 32a
device 19 and have, in particular, the same radius r. Device 19 has two idle
pulley more than the number of degrees of freedom (one) of actuated
mechanism;

- a deflecting pulley 68 rotatably arranged preferably with its axis 69
parallel to axis 59 of revolute joint 32a, and at a prefixed distance from
revolute joint 32a;

- an inextensible cable 33 that has a traction end 34 connected at a
peripheral point of drive pulley 31 and a further end 36, opposite to said
traction end 34, that is connected at a point of link 5; inextensible cable 33
forms three redundant arcs 62 about each idle pulley 32a-c, which are
alternate with deflecting arcs 67 cable 33 forms about deflecting pulley 68;
inextensible cable 33 causes idle pulleys 32a to rotate about its axis 59. By
rotating drive pulley 31, inextensible cable 33 is pulled at traction point 34 and
singular torques are produced by inextensible cable 33 at each idle pulley 32
a-c; revolute joint 37a receives therefore an overall, multiplied torque that is
the sum of such singular torques. The overall torque causes a rotation of link 5
about axis 59 or revolute joint 37a. Equation [4] applies to device 19 with the
same meaning of the symbols, where equivalent device differs from device 19
- for having one pulley 22 instead of pulley 32a-c, the radius of pulley 22
being three times the radius of idle pulleys 32a-c.

Obviously, a device may also be provided for actuating a mechanism
comprising more than one revolute joints, at one of which a plurality of idle
pulleys are arranged, according to the invention.

Figures 10 and 11 show two opposite perspective views of a hand finger
exoskeleton 80 that comprises:

- a first rigid link 3 that, in use, is fastened to the palm of the hand, not
shown;

- three mobile rigid links 87, 95 and 5, which respectively correspond to
proximal, medial and distal phalanxes of finger 75; in particular, link 5 has an
anatomical support 76 for the distal phalanx.
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Exoskeleton 80 comprises furthermore a two-degrees-of-freedom

mechanism 81, which in turn comprises three simple mechanisms that are

connected in series:

- a proximal pantograph RCRM 11 that connects together rigid links 3 and

87 and implements the proximal finger joint;

- a medial pantograph RCRM 13 that connects together rigid links 87 and

95 and implements the medial finger joint;

- a distal crossed-parallelogram mechanism 15 that that connects together

rigid links 95 and 5 and implements distal finger joint; a crossed-parallelogram

mechanism 79 is shown more in detail in figure 12.

Since the distal phalanx of a finger cannot in general be moved
independently from the medial phalanx, the medial finger joint and the distal
finger joint are implemented by a system of mechanisms 13 and 15 which has
globally one degree of freedom.

The proximal, medial and distal joints of finger 75 allow flexion/extension
movements of respective phalanxes of the finger 75. To obtain a kinematics
that is as far as possible isomorphic to phalanx kinematics, the centres of
rotation 12, 14 and 16 of mechanisms 11, 13 ad 15 coincide respectively with
physiological flexional joints of finger 75. This is possible only if no
cumbersome parts of the actuating devices are provided close to the centres
of rotation.

To this purpose, mechanisms 11, 13 and 15 are actuated by the
distribute torque actuation technique, according to the invention.

In particular, proximal mechanism 11 (figure 10) is actuated by means of:
- a drive pulley 31 that is rotatably arranged about vertical axis 35,

- an actuator 89 that is connected to puliey 31, such that pulley 31 can
rotate about axis 35;

- three idle pulleys 32a-c, which are coaxially arranged at revolute joints of
a subset of revolute joints of mechanism 11 that are normal to axis 35 of drive
pulley 31 and to the plane where mechanism 11 extends;

- two inextensible cables 33 and 53 that have respective traction ends 34
and 54 connected at peripheral points of drive pulley 31, and respective further
ends 36 and 56, opposite to said traction ends, that are connected at two
points of link 87. Inextensible cables 33 and 53 comprise respective traction
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contact arcs about drive pulley 31, and further contact arcs that are formed
with idle pulleys 32a-c;

- three deflecting pulleys 38a-c, which serves to keep cables 83a-83b in
contact with each idle pulley 32a-c.

Opposite rotations of drive pulley 31 cause opposite rotations of link 87
with respect to link 3 about remote centre of rotation 12, which is aligned with
the proximal joint of the finger. such opposite movements corresponds to
bending and extension movements of the proximal phalanx of finger 75.

Medial and distal mechanisms 13 and 15 (figure 11) are actuated
together by means of:

- a drive pulley 41 that is rotatably arranged about vertical axis 45;

- an actuator 99 that is connected to pulley 41 such that pulley 41 can
rotate about axis 495;

- three idle pulleys 42a-c, which are coaxially arranged at revolute joints of
a subset of revolute joints of mechanism 13 that are normal to axis 41 and to
the plane where mechanism 13 and 15 extend;

- two inextensible cables 43 and 63 that have respective traction ends 44
and 64 connected at respective peripheral points of drive pulley 41, and
respective further ends 46 and 66, opposite to said traction ends, that are
connected at two points of link 95. Inextensible cables 43 and 63 comprise
respective traction contact arcs about drive pulley 41, and further contact arcs
that are formed with idle pulleys 42a-c;

- three idle pulleys 32d-f, that are coaxially arranged at the same revolute
joints of mechanism 11 where idle pulleys 32a-c are coaxially arranged (figure
10); pulleys 32d-f allow cables 43 and 63 to cross mechanism 11 according to
a neutral mode crossing, i.e. in such a way that no interference is possible
between the movement of cables 43 and 63 and the movement of mechanism
11;

- four deflecting pulleys 38d-f and 98, which serves to keep cables 43 and
63 in contact with each idle pulley 42a-c and 32d-f.

Opposite rotations of drive pulley 41 cause opposite rotations of link 95
with respect to link 87 about remote centre of rotation 14, which is aligned with
the proximal joint of the finger. such opposite movements corresponds to
bending and extension movements of the medial phalanx of finger 75. Due to
rotatable arrangement of mechanism 13 and mechanism 15 at revolute joint
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77, opposite rotations of link 95 cause in turn opposite rotation of link 5 with
respect to link 95 about centre of rotation 16, which is aligned with the distal
joint of the finger: such opposite movements corresponds to bending and
extension movements of the distal phalanx.

Finally, an actuator 119 is also provided for actuating the mechanism, not
shown, which implements opposite abduction/adduction movements of finger
75 with respect to the metacarpus of the hand. Like actuators 89 and 99,
actuator 119 it is integral to support 73. Support 73 has a base 74 where holes
are made, not shown, which allow passage of rotating shafts of actuators 89,
99 and 119. Base 74 is connected to platform 72 which, in use, is fastened to
the wrist of an user by means of a bracelet, not shown.

With respect to the device described in US5912658, exoskeleton 80 has
the following advantages:

- bulky parts are located only on the back side of the hand and no
encumbrance is provided beside the finger, which assists the abduction-
adduction movements,

- size reduction of the actuators and of the total weight of the device, due
to the higher transmission ratios that are allowed by the cable transmission
according to the invention, in particular by the active mode crossing;

- improvement of the transmission stiffness, due to the higher transmission
ratios and to the steps of moving the cables in active mode,

- elimination of the circular guide, which is a heavy and expensive
component.

Figure 13 shows a three-degrees-of-freedom mechanism 90, which can
be used instead in a hand finger exoskeleton. Mechanism 90 comprises
- a first link 3 that, in use, is fastened to the palm of the hand, not shown,

- three links 87, 95 and 5, which respectively correspond to proximal,
medial and distal phalanxes of finger 75; in particular, link 5 has an anatomical
support 76 for the distal phalanx;

- three RCRM 11, 13, 17, that are respectively arranged between links 3
and 87, 87 and 95, 95 and 5.

RCRM 11, 13, 17 are used for respectively implementing the proximal,
medial and distal, flexo-extension joints of finger 75, and have respective
remote centres of rotation 12, 14, 16 that are substantially coincident to
corresponding flexo-extension joints axis of finger 75. A substantial
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isomorphismus is therefore obtained between the movements of three-
degrees-of-freedom mechanism 90 and the movements of the true joints. This
is possible only if mechanisms and actuating means are chosen which do not
provide bulky components close to the remote centre of rotation, which is
made possible by the technique according to the invention.

Link 3 is connected to a support 92 for the actuators that, in use, is
fastened to the wrist of an user, not shown, like in exoskeleton 80 of figures 10
and 11.

The foregoing description of specific embodiments will so fully reveal the
invention according to the conceptual point of view, so that others, by applying
current knowledge, will be able to modify and/or adapt for various applications
such embodiments without further research and without parting from the
invention, and it is therefore to be understood that such adaptations and
modifications will have to be considered as equivalent to the specific
embodiments. The means and the materials to realise the different functions
described herein could have a different nature without, for this reason,
departing from the field of the invention. It is to be understood that the
phraseology or terminology employed herein is for the purpose of description
and not of limitation.
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CLAIMS

A method for actuating a mechanism (10a,10c,11,81,90), said
mechanism having a predetermined number of degrees of freedom, said
mechanism comprising a plurality of revolute joints, each revolute joint
having a rotation axis, said mechanism (10a,10c,11,81,90) connected to
a first rigid link (3) and a second rigid link (5), and said mechanism
(10a,10c,11,81,90) adapted to impose a prefixed relative movement
between said first rigid link (3) and said second rigid link (5), said method
comprising the steps of:

- selecting a subset of one or more revolute joint/s (37a-e, 47b-c)
among said plurality of revolute joints of said mechanism
(10a,10c,11,81,90);

- rotatably arranging respective idle pulleys (32a-e, 42a-f) about the
axis of said revolute joint/s (37a-e, 47b-c) of said subset;

- arranging an inextensible cable (33,43) according to a prefixed
routing, said routing extending between a traction point (34,44) on said
cable upstream of said first idle pulley (32a, 42a) and a terminal point
(36,46) fixed on one of said links (3,5) or on said mechanism
(10a,10c¢,11,81,90); and said routing comprising respective contact arcs
of said inextensible cable (33,43) about said idle pulleys (32a-e, 42a-f);
characterized in that the number of idle pulleys (32a-e, 42a-f) that are
arranged at said revolute joint/s (37a-e, 47b-c) of said subset is greater
than the number of said degree/s of freedom, such that by pulling said
inextensible cable (33,43) at said traction point (34,44) a multiplied
torque is produced which is the sum of singular torques produced by said
inextensible cable (33,43) at each idle pulley, said multiplied torque
causing a relative movement between said links (3,5).

A method according to claim 1, wherein a first revolute joint (37a) of said
subset has its respective rotation axis fixed with respect to said first link

(3).
A method according to claim 1, wherein said subset comprises at least
two revolute joints, and the distance between any couple of consecutive
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revolute joints (37a-e, 47b-c) of said subset is unchanged during any
movement of said mechanism (10a,10c,11,81,90).

A method according to claim 1, wherein for a given movement of said
mechanism (10a,10c,11,81,90) all said contact arcs increase in length, or

they all decrease in length.

A method according to claim 1, wherein said subset of one or more
revolute joint/s is a first subset of one or more revolute joint/s, in which
said inextensible cable, said respective routing, said traction point and
said terminal point are respectively a first inextensible cable (33,43), a
first routing a first traction point (34,44) and a first terminal point (36,46),
the following further steps are provided:

- selecting a second subset of one or more revolute joint/s among
said plurality of revolute joints of said mechanism (81);

- rotatably arranging respective idle pulleys (32a-c,42a-f) about the
axis of said revolute joint/s of said second subset;

- arranging a second inextensible cable (563,63) according to a
prefixed second routing, said second routing extending between a
second traction point (54,64) on said second cable upstream of said first
idle pulley (32a, 42a) and a second terminal point (36,46) fixed on one of
said links (3,5) or on said mechanism (81); and said second routing
comprising respective contact arcs of said second inextensible cable
(53,63) partially wound about said idle pulleys (32a-c, 42a-f);

wherein the number of idle pulleys (32a-c, 42a-f) that are arranged at
said revolute joint/s of said second subset is greater than the number of
said degree/s of freedom,

such that said mechanism (81) is bilaterally actuated by pulling said first
and said second inextensible cables (53,63) at said respective first and
second traction points (54,64), i.e. opposite torques/forces are selectively
applied to said mechanism (81) which causes corresponding opposite

relative movements between said first and said second links (3,5).

A method according to claim 4, wherein a first revolute joint of said
second subset has its respective rotation axis fixed with respect to said
first link (3).
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A method according to claim 4, wherein

- said first and said second subsets of one or more revolute joint/s
coincide with each other,

- said first and said second inextensible cables (63,63) form on each
of said pulleys (32a-c, 42a-f) respective first and second contact arcs
such that the first contact arcs vary in an opposite way with respect to
said second contact arcs during said movements of said mechanism
(81), i.e. when said first contact arcs increase, said second contact arcs

decrease by a same length.

A method according to claim 1, wherein a plurality of idle pulleys (32a-c
are rotatably arranged about said axis of a revolute joint (37a) selected
among said revolute joint/s of said subset, and a deflecting pulley (68) is
arranged preferably with its axis (69) parallel to the axis of said selected
revolute joint (37a) at a prefixed distance from said selected revolute joint
(37a), said inextensible cable (33) forming redundant contact arcs (62)
with each idle pulley of said plurality of idle pulleys (32a-c), and deflection
arcs (67) about said deflecting pulley (68), said deflection arcs (67)
alternate to said redundant contact arcs (62) along said inextensible
cable (33).

A method according to claim 1, wherein said mechanism is a serial
mechanism (10c¢,81,90) having at least two-degrees-of-freedom and
comprises a proximal mechanism part (10a,11) and a distal mechanism
part (10b,15,17), wherein a cable portion of said routing that moves the
distal mechanism part (10b,15,17) is wound also on idle pulleys (42a,
42f, 42a-c) of said proximal mechanism part (10a,11) such that said
proximal mechanism part (10a,11) is unaffected by said cable portion.

A method according to claim 8, wherein:

- said cable portion of said routing that moves said distal mechanism
part (10b,15,17) and that is wound about the idle pulleys (42a, 42f, 42a-
c) of said proximal mechanism part (10a,11) have an overall length
unchanged during any movement of said proximal mechanism part
(10a,11);
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- the radiuses of said idle pulleys (42a, 42f, 42a-c) of said proximal
mechanism part (10a,11) on which said cable portion is wound have
opposite sign depending on whether said respective contact arcs
increase or decrease in length during a movement of said proximal
mechanism part (10a,11), and said radiuses have sum equal to zero.

A mechanism (10a,10¢,11,81,90) actuated by means of the method
according to any of the previous claims, in particular a remote centre of
rotation mechanism based on a pantograph mechanism (11,81,90), or a

parallelogram mechanism (10a,10c).

A hand exoskeleton, comprising:

- a base link (3) arranged in use substantially integral to the back of a
hand of a user,

- at least one finger exoskeleton (80), comprising a mechanism
(81,90) having two or more degrees of freedom, said finger exoskeleton
(80) comprising:

- a proximal link (87) connected to said base link (3) by means of a
proximal remote centre of rotation mechanism (11), in particular a
pantograph mechanism, which has a rotation axis (12) substantially
aligned with the flexion/extension joint between the finger (100) proximal
phalanx and the metacarpus,

- a medial link (95) connected to said proximal link (87) by means of
a medial remote centre of rotation mechanism (13), in particular a
pantograph mechanism, which has a rotation axis (14) substantially
aligned with the flexion/extension joint between the finger (100) medial
and proximal phalanges,

characterized in that a remote centre of rotation mechanism of said
remote centre of rotation mechanisms (11,13) is actuated by the method
according to the claims 1 to 9.

A hand exoskeleton according to claim 11, wherein said finger (100)
mechanism (81) comprises a distal link (5) arranged in use in contact
with the palm side of the distal phalanx of said finger (100), said distal
link connected to said medial link (95) by means of a distal mechanism

part (15,17) having one rotational degree of freedom, said distal link
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mechanism having a rotation axis (16) substantially aligned with the
flexion/extension joint between the finger (100) distal and medial
phalanges,

said distal mechanism part (15,17) selected from the group comprised of:
- a remote centre of rotation mechanism (17), based on a pantograph
mechanism, forming together with said proximal and medial mechanisms
(11,13) a three-degrees-of-freedom mechanism (90) that is actuated by
the method according to the claims 1 to 9.

- a simple crossed quadrilateral mechanism (15,79), actuated by a
rotation of said medial link (95) with respect to said proximal link (87).

A hand exoskeleton according to claim 11 or 12, wherein

- said medial mechanism (13) is actuated by means of an
inextensible cable (53,63) which forms contact arcs on said idle pulleys
(42a-c) of said proximal mechanism (11), said cable producing in said
idle pulleys (42a-c) of said proximal mechanism (11) a couple that has a
non-zero resultant torque value during a movement of said medial
mechanism (13), and/or

- said distal mechanism part (17) is actuated by means of a further
inextensible cable having parts that are wound about said idle pulleys
(42a-f) of said proximal and/or medial mechanism (11,13), said further
cable producing at said idle pulleys (42a-f) of said medial and/or proximal
mechanism (11) torques that have a non-zero resultant torque value

during a movement of said distal mechanism part (17).
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