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(57) Abstract: An actuating device for a multi-joint mechanism that com-

prises a base portion (S) and a base joint (O) integral to each other, an inter -

action portion (3) arranged to provide to a user's limb a contact point, at
which an interaction force (F) is applied to said limb, a plurality of movable
portions (1, 2, 3) that form respective kinematic segments and that are articu-
lated in order to form a serial kinematic chain starting from the base joint (O)
up to the contact point. The actuating device further comprises a mirror
mechanism (30) comprising at least one mirror joint (O') integral to the base
portion (8S), a number of mirror movable portions and, respectively, of mirror
kinematic segments (1, 2', 3") which is the same number as the movable por-
tions and the same number as the kinematic segments of the multi-joint
mechanism (10) articulated to the base portion (S), and have a length that is
proportional to the length of the corresponding kinematic segment of the
multi-joint mechanism (10), a balance force generation means (k'l, k'2, k'3)
for generating a system of balance forces on the mirror kinematic segments
(1\ 2', 3", a transmission means (25) arranged between the multi-joint mech-
anism (10) and the mirror mechanism (30) contigured for keeping the direc-
tion of each kinematic segments (1, 2, 3) of the multi-joint mechanism (10)
substantially the same as the direction of each mirror kinematic segments (1',
2', 3" for any possible movements of the interaction portion (3) with respect
to the base (S) and transmitting the system of balance forces from the mirror
mechanism (30) to the multi-joint mechanism (10), in order to balance the in-
teraction force (F).
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ACTUATING METHOD AND DEVICE FOR HUMAN INTERACTION MULTI-
JOINT MECHANISMS

Field of the invention

The present invention relates to the devices for human interaction
(Physical Human-Device Interaction),

In particular, the invention relates to a method for operation of a multi- ..
joint mechanism for human interaction.

Furthermore, the invention relates to a device that carries out this.
method.

Description of the prior art

Devices are known arranged to physically interact with a human that can
be applied for example to: rehabilitation of patients after neurological trauma
(Rehabilitation Robotics), daily assistance to elderly and disabled persons
(Assistive Robotics) or the reduction of articular stresses deriving from
handling material in logistic and production processes (Material HandLi_ng
Robotics). .

These devices consist of multisjoint mechanisms, which are drrect!y or
indirectly, for example by interposition of a tool, in physwal contact wrth theé‘e
body of the user in at least one point, in order to provide determined forces of
interaction, adapted, for example, to displace a load or to help the patrent to
effect rehabilitation movements.

So-called “zero gravity balancers” are also known, which reduce the
welght of instruments, as used by a manual operator in a production line, or
reduce the weight of a limb of a patient, as in the case of robotic systems used
for neuromotor rehabilitation. N

In a typical application of these devices the generated forces of
interaction with a human are constant for relatively long time. Then, these
devices can be classified as active or passive, responsive to the presence or

absence of actuators used for generating the interaction forcei-x
advantages and the drawbacks of the two types of devices are descrrbeql
hereafter.

The active systems have a high rate of flexibility, since they allow
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generating forces of interaction of intensity and direction quickly variablje;_, withl
time. An example of active device interacting with a human is an exosk‘eﬁleiﬂ _
for the lower limbs as described in CN102088933, in which actuators acting 'at
the hip joints generate torques for supporting a patient’s gait. -

However, for generating the interaction force, the active systems use‘
actuators, for example electric motors, which are continuously supplied with
electric power for each condition of operation. It follows a high energy

" “"consumption and a need of heavy and bulky accumulators/generators, which -

cannot be easily mounted to the device, as it would be desirable for activé
orthoses.

Furthermore, the active systems require appropriate sensors and
sophisticated controls of the actuators for achieving a sufficient precls:on of ther :
interaction force with a human. Such solution is not inherently safe for the useru} '
since instability of the interaction force can occur if the controller of the dev;

is not enough robust to the variability of the dynamic parameters of a human

and of the environment with which the device interacts physically.

Differently, the passive devices, using passive elements to generate the
interaction force, such as counterweights or elastic elements, do not require

- any energy in all operative conditions, do not require sensors and

sophisticated controls and are inherently safe, owing to the passive nature qf‘
their actuation technique. Furthermore, they can be applied in many
applications where the forces of interaction with a human are constant for
re|at|vely long time. . Q,.' )

For example in FR2541574A1 or in WO2012042416A2 passive systems
are described capable of supporting and balancing in any confi gur.a‘_wo?r()& .’ 5?
human arm, using suitable counterweights, which are chosen according ,toj"gljg
size of the user.

On the other hand, the need of a manual adjustment of the passuve
device does not allow a quick and continuous change of the interaction force
Furthermore, the presently known balancing/actuating techniques based on
passive elements, such as resilient elements and/or counterweights, detérmin;;g“
a structure of the mechanisms that is kinematically complex, like, for example,

wearable exoskeletons for the human limbs. _
A further drawback of the presently known passive devnces is an
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excessive encumbrance of the movable parts of the mechanism and a reduced
mobility of their joints, caused by the need of the passive elements and the
relative accessory components to be housed in a same structure of the
mechanism. '

Devices also exist using resilient elements as described in R Bareqj}tSE:"ij
Schenk, WD Van Dorsser, BM Wisse, JL Herder, (2011), “Spring-to-ébr‘ihgjf
Balancing as Energy-Free Adjustment Method in Gravity Equilibrators", ASME
Journal of Mechanica! Design, Volume 133, Issue 6, pp 061010. A springis"
used that works as accumulator of elastic energy, in such a way that the total

energy of the system, i.e. the sum of both the potential and the elastic energy,
is constant. In the same document, it is explained that the exploited physical
principle requires necessarily the use of a spring having zero rest length, Such
spring has the feature of applying a force proportional to its length, instead of a
force proportional to its lengthening/shortening, However, the applucatlon of
such devices to a multi-joint mechanism would be complex and troublesome.

Summary of the invention
It is therefore a feature of the present invention to provide a method ang

a device for actuation of a multi-joint mechanism interacting physically with: iz
human being, which allows generating a system of a predetermined force af =
contact point of the mechanism with the human limbs, achieving the
advantages of both the passive techniques and of the active techniques,
without having their drawbacks. Wi

It is a particular feature of the present invention to provide such a meth_og'
and device that allows changing the intensity and direction of this force withoui
the need to a manual adjustment.

It is another particular feature of the present invention to provide such a
method and device that does not require energy consumption, until the
intensity and/or the direction of the force are kept constant with time.

It is another feature of the invention to provide such a method and de 4cg
that is not too much cumbersome in the region fixed to the human limbs. .

It is another feature of the invention to provide a method for actuation, for'
a multi-joint mechanism interacting physically with a human being, which has a
reduced size at the portion of the device connected to the human limbs.
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It is still a feature of the invention to provide such a method and device
that do not limit the amplitude of the movement admitted by the device.
It is yet another feature of the invention to provide such a method and

device that can be applied to any kinematical configuration of a multi-joint

mechanism, irrespective of the number and succession of the degrees of

freedom and, in particular, that can be applied to kinematical configurations

that are isomorphic to0 the human limbs, as in the case of exoskeletons
wearable on the human arms or legs.

These and other objects are achieved by an actuating device for a multi-
joint mechanism,

said multi-joint mechanism comprising:

a base portion;

a base joint that has a rotation axis that is integral to said base
portion and defines a first reference system integral to said base
portion; o
an interaction portion which is adapted to provide to a user's limb a
contact point, at which an interaction force that has- a
predetermined intensity and direction, with respect to said first
reference system, is applied to said limb; Lo
a predetermined number of movable portions (links) connectedi
each other by means of joints, in order to form a serial kmema,t;g
chain starting from said base joint, so that the first movable portion-
is connected to said base portion from said base joint and the last
movable portion is integral to said interaction portion, each of said
movable portions comprising a kinematic segment whose length is
invariant upon movement of said interaction portion with respect tb
said base portion, said kinematic segment being the shoneét
segment connecting a first axis with a second joint axis of adjacent
joints of a movable portion or, in case of the last movable portlon
said kinematic segment is a segment located between the last Jomt‘
and said contact point of said interaction portion,

wherein said actuating device comprises:

a mirror mechanism comprising:

PCT/IB2013/054778
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one or more mirror joints integral to said base portion, of which

one of said joints defines a second reference system infegr%ff
to said base portion,

a number of mirror movable portions and, respectlvely. of

mirror Kinematic segments which is the same number as the

movable portions of kinematic segments of said multi-joint

mechanism, each mirror kinematic segment being pivotally

connected to said base portion at one end thereof and at o‘néfl?
end of at least one of said mirror joints and have a length that

is proportional to the length of the corresponding kinern_a'tiqb

segment of the multi-joint mechanism, according to a éamé’*
proportionality factor for all the kinematic segments;

- a balance force generation means that generates a system_ of
I

balance forces acting on said mirror kinematic segments, N
- a transmission means that is located between said muilti-joint

mechanism and said mirror mechanism, wherein said transmission
means is configured to:

maintain the direction of each kinematic segment of said multr-
joint mechanism with respect to said first reference-system \
substantially the same as the direction of each of said mirror
kinematic segments with respect to said second reference
system, for any possible movements of said interaction portron ‘
with respect to said base portion, '
transmitting said system of balance forces from said. mnr

mechanism to said multi-joint mechanism, in order to balaﬁce
said interaction force applied at said contact point of sard

interaction portion.

This way, since the mirror mechanism has the same number of kmematrc
segments of the multi-joint mechanism, it is possible to associate each mrrror
segment to a corresponding kinematic segment of the multi-joint mechamsm

and vice-versa,

However, whereas the kinematic segments of the multi-joint mechamsm
which form the polygonal chain that connects the contact point of the
interaction portion with the base portion, have normally both the ends movable _
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with respect to the base portion of the muitijoint mechanism, the mirror.
mechanism has the mirror segments all pivotally connected to the base pc‘:rtioi:ll'?
at one end thereof and, accordingly, have all one fixed end to the base portnon
This simplification allows generating the system of balance forces as simg

torques about the respective fixed ends at the base portion of the mlrror?
kinematic segments, by means of torque generators. Such torque is thenf
transmitted to a respective joint of the multi-joint mechanism by the

I ‘transmlssmn means.
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In particular, the transmission means between the multi-joint mechamsm

; and the mirror mechanism can be sized, in order to ensure that the dlrectlons'

of the kinematic segments of the mirror mechanism with respect to the second
reference system are substantially the same as the corresponding directions of
the kinematic segments of the multi-joint mechanism with respect to the first
reference system, for any possible movements of the interaction pomog\mh
respect to the base portion of the multijoint mechanism. This way, |1jsd
generation means generates forces in such a way that all the knnemet:c
segments of the mirror mechanism are balanced for a same first force, acting
at the movable end and having a certain intensity and direction with respect to

- the second reference system, the multijoint mechanism is balanced for an

interaction force having same orientation of the first force, but with respect to
the first reference system, and intensity proportional to the first force. . .

It should be noted that if a kinematic segment of the mulfi-joint
mechanism has a length that is substantially zero, because, for example, the
two axes adjacent of a movable portion of the multi-joint mechanlsm are
incident at a point, it is not necessary generating any torque on the
corresponding kinematic segment of the mirror mechanism, since the cou;ole
delivered by the interaction force on the first end of the kinematic segment f
the multi-joint mechanism is zero, being its second end substantially co:ncsdent
wath the first. Therefore it is enough that the generation means generates

balance forces acting on said mirror mechanism in a same number as the

kinematic segments that have a non-zero-length, which is normally less than

the number of degrees of freedom of the muilti-joint mechanism of the seria‘l

kinematic chain. 'f
In particular, said generation means comprises torque generators,
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In particular, each of said torque generators comprises at least one
passive resilient element having a first and a second end, wherein said first
end is connected to the mobile end of the non-zero-length mirror kinemetic
segment associated with the torque generator, and said second end |s‘
connected to a support element integral to said base portion of the multn—;omt'
mechanism.

Said resilient elements can be structured and sized in such a way that the-

‘torque generated by said or each passive resilient element is substantially the

same as the intensity of the torque generated by said interaction force, applied
to a second end of the kinematic segment of said muilti-joint mechanism and
interacting with the passive resilient element, and determined at a first end of
the kinematic segment,

Advantageously, said balance force generation means that generates a
system of balance forces acting on said mirror mechanism comprises a force
direction change means for changing the direction of said interaction force;
without requiring the manual intervention of an operator.

Advantageously, said force intensity change means of said interaction
forces comprises a first means for moving said support element with respect to,,
said base portion, in particular arranged to change the distance between sald,
first and said second ends.

Always advantageously, said means for changing said interaction forces‘
bompnses a second means for moving said support element with respect to
said base portion, for changing the direction of said interaction force. |

Advantageously, said force direction change means comprises a secohd
means for moving said support element with respect to said base portion, in
particular arranged to change the direction of the line that passes between
said first and said second ends,

In particular, said balance force generation means that generates é
system of balance forces in said mirror mechanism comprises torque
generation mechanisms in the same number as said kinematic segments that
have a non-zero-length, wherein each of said torque generation mechanisms:

- is mechanically connected to said mirror mechanism and to said
force intensity change means and/or said force direction change
means,
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- is equipped only with passive resilient elements,
- is associated to a specific kinematic segment of said mirror
mechanism.

This way, the balance force generation means that generates a system of
balance forces in the mirror mechanism can comprise torque generation
mechanisms having active elements i.e, of actuators, and in the same number
as the kinematic segments of non-zero length of the mirror mechanism-and, -
respectively, of the multi-joint mechanism, and not necessarily in the’ Sam’e‘f f
number as the degrees of freedom of the multi-joint mechanism. For thus
reason, to each kinematic segment a single torque generation mechanlsm and
vice-versa can be associated that has connections with the corresponding
segment of the mirror mechanism and with the base portion of the multi-joint
mechanism.

Furthermore, the torque acting on the joints of the multi-joint mechanism,
necessary to balance the interaction force with the user, are generated by a
use of the passive elements, contained in the torque generation mechanisms,
without supplying external forces until the interaction force has constant
intensity and direction, with respect to the base portion of the mechamsm
Such feature allows high energy saving and range of the batteries of the
torque generators. Furthermore, it reduces remarkably the weight, owing to the
absence of heavy motors for the torque generators, s

Furthermore, such a device allows changing the intensity and direction of
the interaction force with respect to the support of the multi-joint mechanism
automatically, acting on the actuators of the mechanism that has the task of
changing the intensity and/or direction of the interaction force and, accordingly,
without any manual interventions. |

In particular, said mirror mechanism is located remotely with respect to
said multi-joint mechanism. For example, it can be arranged in a backpack
worn by the user, or in a transmission box adjacent to the user. This assists
remarkably to make a light structure of the multi-joint mechanism, Wthh has‘
not to house torque generation mechanisms or possible motors for chang:"‘
the intensity and/or the direction of the force. Further advantage of the removal
of such components from the multi-joint mechanism is the possibility of
reducing to the minimum possible the mass and the size of the links and
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mobile kinematic segments, consistently with the mechanical stress generated;
by the external forces acting on the device.

In particular, the reduced masses and size of the mobile segments of the
multi-joint mechanism aliow the production of devices of interaction with a
human with high dynamic performances and workspace closer to a natural
workspace of the human limbs with respect to the existing mechanisms, owing
to less limits to the movements, than, differently, larger and heavier segments
would require to avoid possible interferences with the human limbs, whnle-l'
wearing the device. e

A further advantage is that of configuring the mirror mechanism and the
torque generation mechanisms with wide freedom for the designers, wath0ut'
the need of meeting the constraints owing to the size of the human hmbs.“’
because torque is generated remotely. |

Finally, being the first end of the mirror segments integral to the base
portion of the multi-joint mechanism, the design of the device for changing the
direction and the intensity of the interaction force is largely simplified, with
respect to the case in which such end is mobile, _

In a preferred exemplary embodiment, said transmission means
comprises a plurality of inextensible tendons that engage with a plurality of .
pulleys provided in said multi-joint mechanism and also in a plurality of mirror
pulleys in said mirror mechanism. e ‘M- :

Advantageously, each inextensible tendon defines a loop wnth saxd
pulleys. Alternatively, the tendons can be arranged to form an agomst-
antagonist actuating system,

In particular, pulleys are arranged at the joints of said multi-joint
mechanism that are associated with a corresponding plurality of mirror pulleyé
that are respectively arranged at the mirror joints of said mirror mechanism.

The first reference system and the second reference system are drfferent
from each other, but the relative shift angle between the two reference systems
is fixed, being they integral to the base portion of the multi-joint mechanism.
Preferably, the first reference system and the second reference system:
coincide and the mirror segments are always parallel to the kmematnc _
segments of the multi-joint mechanism. N |

In a possible exemplary embodiment, said torque generation mechanaém
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comprises:

- a first rigid body and a second rigid body mechanically connectea by a-
joint that has an axis fixed to both of them;

- afirst, a second and a third idle pulley, whose axes are parallel to one
another and arranged at the vertices of a triangle, being the axes of the
first and of the third pulley integral to said first rigid body, the axis of the
second pulley integral to said second rigid body and the axis of the third
pulley collinear with the joint axis of said second rigid body with respect”
to said first rigid body;

- a passive linear resilient element having a first end ¢onnected to sald
first rigid body; _

- an inextensible tendon or tendon, which is wound outside on the: threel
pulleys and which has the first end connected to said first rigid body a\»‘ i
the second end connected to the second end of the resilient element.

This way, it is possible to reproduce the mechanical action of a resilient

linear element with rest length equal to zero, connected directly on the axes of
the first and of the second pulley. Furthermore, this mechanical action produce
a couple at the joint axis of the second rigid body with respect to the ﬁrst_,

- which is suitable for balancing a force acting on a incidence point between the .

axis of the first pulley with the axis of the second pulley, being this force
unchanging, both for intensity and for direction, with respect to said first rlgld
body, versus the relative position of said second rigid body with respect to the
first. In particular, the direction of the balanced force is parallel to a segment
connecting the first pulley and of the third pulley and the intensity of the for ‘
directly proportional to the distance of the axis of the third pulley with respect to
the axis of the first pulley.

In order to change the intensity and direction of the interaction force.

thus, it is sufficient changing the distance of the axis of the first pulley with

respect to0 the axis of the third and the direction of the segment that connects
the axis of the first pulley with the axis of the third, and example by means Qf
motors, preferably automatically.
In a possible exemplary embodiment, said multi-joint mechanism
¢omprises:
- a first movable portion that is movably joined to the base portion from
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the base joint

a second movable portion which works as interaction portion with the:
user's limb, in order to provide said contact point,

a second joint, which pivotally connects the interaction portion with the’
first movable portion, wherein the axis of the base joint and the axis of
the second joint are mutually orthogonal and incident with each other in
a point that is distinct from said contact point;

wherein said second movable portion, which works as interaction portion,

has said contact point that does not fall on the axis of the second joint and,
accordingly, a non-zero distance exists between the axis of said second
joint and said contact point,

said mirror mechanism comprises:

a mirror base portion coincident or integral to the base portion of the
multi-joint mechanism,

a first mirror movable portion pivotally connected to the mirror, basg
portion by a first mirror joint

a second mirror movable portion pivotally connected to the first movable
mirror by a second mirror joint

wherein the axes of said first and said second mirror joint are mutually

orthogonal and incident with each other at said mirror joint;
said transmission means comprises:

a first driven pulley and an idle pulley, both having their own axes
coincident with the axis of said base joint, wherein said first driven
pulley is integral to said first movable portion of said multi-joint
mechanism;

a second driven pulley co-axial to the axis of said second joint of the
multi-joint mechanism and integral to the interaction portion of the mu l-

joint mechanism,

possible secondary idle pulleys mounted to the first movable portion of
the multi-joint mechanism;

a first mirror driven pulley and a mirror idle pulley, coaxial to the axis of
said first joint of said mirror mechanism and being said first mirror driven
pulley integral to said first mirror movable portion,;

a second mirror driven pulley, which has an axis aligned to the axis éf
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said second joint of the mirror mechanism and being said second mirror
driven pulley integral to said second mirror movable portion;
- possible secondary mirror idle pulleys, mounted to the first mlrror
mavable portion; .
- inextensible tendons that are wound about said driven and idle pulleys
of the multi-joint mechanism and of the mirror mechanism, in such a
way that two independent mechanical transmissions are provuded,~
wherein a first mechanical transmission transmits the torque generated
on said first mirror driven pulley to said first driven pulley of the multi-
joint mechanism, and a second mechanical transmission transmits the
torque generated on said second mirror driven pulley to said second
driven pulley of the multijoint mechanism, .
wherein the secondary idle pulleys and the secondary mirror idle pulleys
deflect the inextensible tendons in such a way that the latter are always in
contact with the idle and driven pulleys during all possible movements of
said multi-joint mechanism. O ﬂu

In order to ensure that the direction of the kinematic segment of sald
multi-joint mechanism, with respect to said first reference systém.'j_ is
substantially the same as the direction of the correspénding kinematic segment
of said mirror mechanism, with respect to said second reference system, for
any possible movements of the multi-joint mechanism, it is necessary that the
primitive diameters of said driven and idle pulleys, are equal to the
corresponding driven mirror pulleys and idle mirror pulleys.

In this example of applying the method it is possible to use a single
torque generation mechanism, since the multi-joint mechanism even if having
two movable portions has a single kinematic segment that have a non-zero
length, i.e. the segment relative to the second movable portion of the mult:-;omt
mechanism, The kinematic segment relative to the first movable portlo ﬁrrn
fact, has length equal to zero, since axes adjacent of this movable pomon are
incident with each other in a point. Correspondingly, the mirror mechanism can
have a single mirror kinematic segment of non-zero length..

Advantageously, in order to enable the torque generation mechanism to
generate a balance torque congruent with the interaction force demand, the
segment that connects the axis of the third pulley with the axis of the second
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pulley of the torque generator is parallel to the mirror segment to it associated
and the segment that connects the axis of the first pulley with the axis of the -
third pulley is parallel to the direction mirror the interaction force, i.e. parallel to
that direction whose direction with respect to said second reference systém is
equal to the direction of the interaction force demand with respect to said first
reference system. o
In the above described exemplary embodiment, this condition can be
obtained connecting the second rigid body of the torque generatnon '
mechanism with the second movable portion of the mirror mechanism, at a first
connection joint which has an axis parallel with the segment that connects the
axis of the second pulley of the torque generation mechanism with the axis of
its third pulley, and connecting the first rigid body of the torque generation
mechanism with the base portion of the multi-joint mechanism, at a second
connection joint which has an axis paraliel to the segment that connects the
axis of the first pulley with the axis of the third pulley of the torque generation
mechanism and parallel to the direction of the interaction force demand, being
the axes of said first and said second connection joint incident at a point
coincident with the fixed end of the kinematic segment of the __mirgc__:r.
mechanism of competence of the torque generation mechanism. N
As said, the direction of the interaction force and, accordmgly, thef
direction of said segment that connects the axis of the first pulley with the axl_s

of the third pulley of said torque generation mechanism ¢an be changed by
said means for changing the direction of the interaction force. To allow an
arbitrary change of this direction in a three-dimensional space, it is enough that
these means allows for rotations of said segment that connects the axes, with
respect to the base portion of the multi-joint mechanism, about two axes not
parallel to said junction and incident with each other at a point of said junction
and coincident with the fixed end of the kinematic segment associated with_th;\e
torque generator. N

In a possible embodiment the means for changing the direction of the:‘.
interaction forces comprises a serial kinematic chain mechanism havmg two'
rotational degrees of freedom that has axes incident with each other at a pomt
coincident with the fixed end of the kinematic segment of the mirror
mechanism. Advantageously, this rotation axes are orthogonal. |
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In another possible embodiment of the torque generation mechanism, the
loop of the inextensible tendon is made of two different portions, the first
portion connecting the first pulley with the second pulley, the second portion
connecting the second pulley with the third pulley. Furthermore, the second
pulley is made with two different pulleys, a mother pulley and a daughter pulley
integral to each other and having a rotation axes coincident but with different
planes of the grooves for the tendon and displaced axially. Finally, the plane of
the groove for the tendon of the first pulley is aligned with the plane of the
groove of said mother pulley of the second pulley, whereas the third pulley IS
aligned to said daughter pulley of the second pulley to allow that they
encumbrance of the first pulley does not interfere with the encumbrance of thei
third pulley, when the intensity of the interaction force or the direction of t»hei
interaction force change. ”

This exemplary embodiment is configured to adjust the intensity of the
interaction force, since it makes it possible to obtain positive, null or negati\re
values of this intensity.

In a further possible exemplary embodiment, said multi-joint mechamsm
comprises. _

- afirst movable portion that is movably joined to the base portion througt;;
the base joint; _ )

- a second movable portion that is movably joined to the first movable
portion through a second joint; %;\,f’

- a third movable portion that is movably joined to the second m0vable

portion through a third joint;
- a fourth movable portion that is movably joined to the third movable
portion through a fourth joint, wherein said fourth movable portion works
as interaction portion with the user's limb, in order to provide said
contact point, ‘
wherein:
- said base joint and said second and third joints have axes that in pairs
are mutually orthogonal and incident with each other in a same pomt of

incidence, Ly
- said fourth joint has axis parallel to the axis of the third joint so that the
minimum distance between the axis of said third and said fourth joint
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determines a first kinematic segment that have a non-zero length,

said fourth movable portion works as interaction portion and said
contact point, which is integral to the interaction portion, does not fall on
the axis of the fourth joint, such that the kinematic segment relative to
the fourth movable portion is also not zero. Therefore the multi-joint
mechanism has only two kinematic segments that have a non-zero
length and, therefore, needs only two torque generators;

wherein said mirror mechanism comprises:

a mirror base portion coincident or integral to the base portion of the
multi-joint mechanism,
a first mirror movable portion pivotally connected to the mirror. base
portion by a first mirror joint;

a second movable portion pivotally connected to the second mirror base:
portion by a second mirror joint;

a third movable portion pivotally connected to the second mirror
movable portion through a third mirror movable portions;

a fourth mirror movable portion pivotally connected to the second mirror
movable portion through a fourth mirror movable portions; |
wherein the axes of said first, second and third joints are in pairs
mutually orthogonal and incident with each other in a same point of
incidence, whereas the axis of said fourth joint is parallel to the axis of
said third joint and passes through said point of incidence

wherein said means for transmitting the torque comprises:

driven pulleys integral to the respective movable portions of said muiti:
joint mechanism,;

driven mirror pulleys integral to said mirror movable portions

four inextensible tendons that are wound about said driven pulleys and
on idle pulieys of the multi-joint mechanism and of the mirror
mechanism, in order to provide corresponding mechanical independent
transmissions, for transmitting torque that is generated on said driven
mirror pulleys to the respective driven pulleys of the multi-joint
mechanism, where the idle pulleys of the muliti-joint mechanism and of
the mirror mechanism deflect the inextensible tendons in such a way
that the latter are always in contact with the idle and driven pulleys

PCT/IB2013/054778
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during all possible movements of said multi-joint mechanism,
and wherein said generation means for generating the balance forces
comprise two independent torque generators, the first connected to the
third movable portion at a point different from said point of incidence and
the second connected to the fourth movable portion at a point different from
said point of incidence.

In particular, such a mechanism can be used to provide an exoskeleton
for the upper limb, comprising the abduction-adduction of the shoulder, the
rotation of the shoulder, the bending of the shoulder and the bending of thé_
elbow. In this case, the multi-joint mechanism has four degrees of freedom, but
its kinematics is characterized by only two kinematic segments, and the
second segment comprises the interaction element. In fact, the axes of the first
three joints are incident at a point, the axis of the fourth joint is not passmg
through this point and the contact point of the interaction element does not fall
on the axis of the last joint. “

The mirror mechanism has the same number of joints of the mult‘i.-jdiﬁ“t
mechanism, the same relative direction of the axes of the joints and the same
number of mirror segments. '

The mirror mechanism is configured in such a way that its mirror
segments are pivotally connected to the base portion of the multi-joint
mechanism at the mirror joint. Vice-versa the muiti-joint mechanism has only
the first kinematic segment articulated to the base joint whereas the second
kinematic segment has ends that are both movable.

Also in this case, transmission means preferably comprising |dle and‘
dnven pulleys and inextensible tendons, are used to ensure that the dlrectron

of the kinematic segments of the multi-joint mechanism with respect to the f:rst
reference system are substantially the same as the directions of the
corresponding kinematic segments of the mirror mechanism with respect to the
second reference system.

In this example of applying the method for actuation that has the multi-
joint mechanism two kinematic segments, two different torque generators are
necessary, each of them associated with a single kinematic segment and
connected both to the mirror mechanism and to the base portion of the multi-
joint mechanism,
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In a first exemplary embodiment of the mirror mechanism relative to the
multi-joint mechanism having four joints, considered as example application of
the method for operation of a feature of the invention, the fixed end of the two

kinematic segments of the mirror mechanism coincide to each other and W|th:-

the intersection of the first three joints of the mirror mechanism, LB

Advantageously, each two torque generators used comprises a Splra|.
spring. '

Always advantageously, the force intensity change means and force
direction change means comprise a four motors, of which the first two are
operated in a synchronous way for changing the intensity of the force and the
other two are operated independently for changing its direction. In particular,
each first two motors are associated with a single torque generator and are
used for changing the distance of the first pulley with respect to the third pulley
of the torque generator of own competence, whereas the other two are use‘d
for changing the segment that connects the axis of the first pulley with the axls
of the third pulley of both torque generators. Coun

Advantageously, at least one of the two axes of direction is made w:th§

remote centre of rotation mechanism consisting of a circular guide. This way, it
space has been freed for housing the torque generation mechanisms. In thié
case, the two torque generation mechanisms are arranged substantially fixed
to each other in a central zone of said circular guide.

This way, the advantages concerning size and weights of the movable
portions of the multi-joint mechanism are evident, since such elements must
solely meet the structural needs and house the components of the mechénical
transmissions (pulleys and tendons), whereas the components of operation
both passive that operates are located remotely with respect to limb of the
user. -  ’;', ’
In a second exemplary embodiment of the mirror mechanism relatwe to
the multi-joint mechanism having four joints, considered as second example
application of the method for operation of a feature of the invention, the fi xed
end of the two kinematic segments of the mirror mechanism does not coincide
but are spatially distinct. This way, it is much easier the pattern of the torqué
generation mechanisms, since the possibility of interferences with each other
during the movement of the multi-joint mechanism is reduced. ’
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Brief description of the drawings
The invention will be now shown with the following description of an:

exemplary embodiment thereof, exemplifying but not limitative, with reference
to the attached drawings in which:

Fig. 1A shows a generic arm that rotates about a joint and on which a force.
is applied that is balanced by a spring loaded torque generatio’n
mechanism arranged between a predetermined point of the arm and- a;
fixed support; '

:w t
Fig. 1B shows a spring loaded torque generation mechanism mounted to_'
the arm of Fig. 1A and capable of providing a rest length equal to zero;

Fig. 2 shows a generic arm of a multijoint mechanism consisting of serial
chain of n links made as the arm of Fig. 1A,

Fig. 3 shows a multijoint mechanism consisting of a serial chain of three
links at the end of which a force is applied F,

Fig. 4A shows a diagrammatical view of the actuating device according to
the invention showing the multi-joint mechanism of Fig. 3 and a mirror
mechanism connected to each other through transmission means; o ‘
Fig. 4B shows an exemplary embodiment of the diagrammatical vnew of_
Fig. 4A with the addition of a force intensity change means to the mirr of.
mechanism; il

Fig. 4C shows an exemplary embodiment of the diagrammatical view of
Fig. 4A with the addition to the mirror mechanism of a force direction
change means for changing the direction of the force;

Fig. 4D shows an exemplary embodiment of the diagrammatical view of
Fig. 4A with the addition to the mirror mechanism of force direction change
means for changing the direction of the force and the intensity of the force;
Fig. 5 shows a kinematic elementary scheme of a multi-joint mechanism
with two degrees of freedom that can be balanced by the invention;
Fig. 6 shows a mirror mechanism with two mirror segments ‘and a
transmission by means of pulleys for connecting the two mirror segmehts, ‘
in order to transmit forces and angles for example to the mechanism’ of“
Fig. 5;

Fig. 7 shows a passive torque generator with traditional spring and zero
rest length similar to that shown in Fig. 2;
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- Fig. 8 shows a direction adjustment mechanism with two degrees of

~ freedom, for changing the direction and/or the intensity of the force of the
passive torque generator of Fig. 7;

- Fig. 9 shows the mirror mechanism of Fig, 6 with the passive torque .
generator of Fig. 7 and the mechanism for changing the direction and/or
the intensity of the force of Fig. 8;

- Fig. 10 shows an anthropomorphic arm with four degrees of freedom and
two unchanging segments; R

- Fig. 11 shows a possible implementation of a mirror mechanism having the.
functions of a multi-joint mechanism operating as diagrammatically shows.
in Fig. 10;

- Fig. 12 shows a first passive torque generator for a mirror mechanism
according to Fig. 11,

- Fig. 13 shows a second passive torque generator for a mirror mechamsm
according to Fig. 11;

- Fig. 14 shows a possible direction adjustment mechanism, which can be
applied to a mirror mechanism according to Fig. 11;

- Fig. 15 shows the mirror mechanism of Fig. 11 with the passive torque
generator of Fig. 13 and 13 and of the direction adjustment mechanism of -
Fig. 14; |

- Fig. 16 shows an exoskeleton worn on an arm of an operator and‘w: .

backpack-like support for a mirror mechanism;
- Fig. 17 partially shows the exoskeieton of Fig. 16 with detail on the
~ kinematic segments;,
- Fig. 18 shows in detail the exoskeleton of Fig. 16.

Description of exemplary embodiments exemplary

With reference to Fig. 1A, by considering a generic arm or segment 1 th@t
has a joint O on which a force F at the point G acts, for example the weight of
a mass m, a torque generation mechanism can comprise a spring 8 connected
between; .
- a point Q of the segment, connecting a joint O and the point G where the

force F has to be generated; it can be seen that in Fig. 1A said segment IS :
arm 1, but it could be different from arm 1 if the latter is a rigid body havmg
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a shape different from a segment;

- a point P that falls on the line that passes through the joint O and parallel
to the direction 4 of the force F that has to be generated; it is known that in
Fig. 1A the force F is diagrammatically shown as the weight force of a
mass m, but it can be a force of any direction 4.

An aspect of this configuration, already shown in the above cited article of
Herder et al., is a balance independent from angle 8 between the segment of.
arm 1 and the direction of segment OP parallel to direction 4. In fact, by
arranging a force F at the point G which is distant | from peint O, indicating with
a and b respectively the segments OP and OQ, for balancing the rotation
about point O it is necessary to fulfii the equation:

k™a"b = F* [1]

which is independent from 8, provided that spring 8, whose stiffness.ig’
indicated as K, has zero rest length. o

For making a torque passive generation mechanism that is based on
such an advantageous principle, it i$ also possible to use, in a way shown in
Fig. 1B:

- a standard spring 80, i.e. a spring having rest length different from zero
and provides a force proportional to its lengthening/ shortening, |

- atendon-pulley system comprising:

- apulley 81 at said point P,

- apulley 82 at said point Q,

- apulley 83 at said joint O,

- a tendon 35 passing through each three pulleys 81-83, at one end.

connected to one of the pulleys, for example the puiley 81, and- at the
other end connected to the spring 80.

This way, the portion PQ has an elastic response of spring 80, and has
rest length equal to zero, being it a portion of inextensible cable.

The diagrammatical view of Fig. 1A, and of equivalent Fig. 1B, can be
extended to cases of multi-joint mechanisms consisting of serial chains with n-
links flike that shown in Fig. 2, Such generic link of a serial chain has length |i,
with i from 1 to n, and to it a generic force can be applied for balancing F, at its
generic point, '

Such multi-joint mechanisms can be balanced globally using for each link
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a spring, mounted in the first described mode, having elastic constant k;
suitably calculated. In particular, if to the multi-joint mechanism a single fo;r,ce\, F
is applied to a predetermined segment, for example an end-effector arra-ng')edi“:
on an end segment of the serial chain, each elastic constant ki can be
obtained by formulas [1]. o

Following this scheme, however, for each segment i of said serial chain
with a same configuration, it would be necessary that the respective points Pi
of each segment that is located at a distance a, on the line that passes through
the respective joint O; and parallel to the direction of the force F; that has to be
generated, and that this direction is fixed versus the configuration of the chain.
All these conditions are very complex to carry out in practice, since it would be
necessary to fulfit them for each configuration of the multi-joint mechanism.
Therefore, for a generic multi-joint mechanism this condition is val_id\ only
theoretically. z 7

in fact, also in a simple case like an 3, which is a multi-joint mechamsm
10 that has a base portion S, a first joint O and three links, 1, 2, 3 of length I1
12, 13, which form a serial kinematic chain, with force F applied for examplie at
the end of the link 3, for example at an interaction element not shown, said
passive balancing scheme would difficult to apply, even in the hypothesis that
the force F acting on the link 3 is fixed in direction and intensity.

According to the invention, in Fig. 4A a method for operation and a
relative device, which solves said problem, is diagrammatically shown.

The multi-joint mechanism 10, simplified to a number of three links as
shown in Fig. 3, comprises a support and a plurality of segments |y, Iz, I3
connected to each other, in order to impart to the multi-joint mechanism a
predetermined number of degrees of freedom, and connected by a jomt
articulated to a support not shown, for example the origin of segment |4, whlch
defines a first reference system x, y, 2. It further comprises a portion, fqr
example the end of the link 3, arranged to bear a load F with a predetermined
direction of load at the interaction portion. Such interaction portion can be for
example the end-effector of a robotic arm, for example as shown in Fig. 16.

As kinematic segments of the multi-joint mechanism, links, which have
lengths |4, Iz, I3 unchanging with the movement of the multi-joint mechanisn%
and which connect a point integral to the support and the predefined
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application point of the load, for example the contact point of a multi-joint
exoskeleton with a user’s limb. .

A method for operation according to the invention (Fig. 4A) comprises, in:
a first step, prearranging a “mirror mechanism” 30 comprising a number: of
mirror segments 'y, I'2, I's which is the same number as the segments 1, 2, 3 of;
the multi-joint mechanism 10. The mirror mechanism 30 has a correspondmgaf
mirror joint O’ connected 1o a second support that defines a second reference
system x', y', Z'. In addition, a connection means 20 is provided between the
multi-joint mechanism 10 and the mirror mechanism 30 that maintains the
direction of each kinematic segment Iy, I3, 13 constant with respect to the first
reference system X, y, z equal to the direction of each mirror segments I'y, 'z,
I's with respect to the second reference system X', y', 2’, for each movement of
the multi-joint mechanism with respect to the joints. For example, the
connection means can be pulleys and tendons, which permit a replication of
the movement of segments |4, Iz, I3 by the mirror segments I'y, I'z, I's,

A next step provides then generating a system of balance forces on the
mirror mechanism 30, so that such forces are transmitted to the mult|-jomt
mechanism 10 by the transmission means 20. Such forces are supplied: by
springs of suitable elastic constants k1, k2, k3. In the diagrammatical view of
Fig. 4A, it is possible to balance a fixed force F acting at a point of the third link
of a multi~joint mechanism 10, for any orienting the link |4, Iz, Iz, prearranging a
mirror mechanism 30 with mirror links I'q, I'2, I's which:

- have size proportional to the links Iy, Iz, Is;

- have the same distance a between origin common O’ from point P’;

- have directions with respect to the reference system x'y'z’ substantlally the
same as links Iy, 12, |3 with respect to reference system xyz; )

- are subjected to passive forces given by springs k1°, k2', k3’ that follow
equation [1] and have a zero rest length;

- provide 1o links Iy, I3, I through the transmission means the balance forcées
generated by the springs.

By using existing springs, which cannot have a zero rest Iength the
physical principle is not always fulfilled. However, using the scheme of Fig. 1B
for generating a passive balancing force, the behaviour is like as if the rest
length of the spring is zero, fulfilling the equation [1].
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It should be noted that the mirror links do not require necessarily the
same length as the links of the multi-joint mechanism. This permits to reduce
the size of the mirror mechanism 30 with respect to the multi-joint mechanism
10, reaching a correct compromise between the elastic constant of the springs
and the length of the mirror links.

In case the force F is not fixed, and it can change its direction and/or'i'n"r
intensity, it is possible to provide a force intensity change means for changmgi
the intensity of the force, or a force direction change means for changing the‘fv
direction of the force, or both, which change respectively the distance a which
corresponds to the length O'P’, or the direction of segment O'P', or both. In
fact, as above said, in order to apply equation [1], it is necessary that the force
that has to be balanced is parallel to the direction of segment OP, and distance
OP is fixed. If the force changes its intensity or direction, the distance OP or its
direction must be adjusted therefore.

In particular, as shown in Figs. 4B, 4C, 4D, a step can be provided of
actuated adjustment through an actuation means selected from the group
consisting of:

- a force intensity change means for changing the force 40 (Fig.4B), which
move point P’ to point P*™ with respect to O', without changing the ongmaf
direction of O'P’, a

- a force direction change means for changing the direction of the force 45
(Fig.4C), which change the direction of O'P’ without adjusting the distance
of P’ with respect to O, move the point P' at a point P"™*;
anyg ineaNrntte die -l (TRis 8 runhas abuve b the, dirertian Af AD!

This way, the mirror mechanism 30 provides to the multi-joint mechanism
10 the required balance forces, both where the forces to balance are constant
in direction and intensity, and where the intensity and/or the direction of the
force to balance change, such as a load with variable intensity and/or du'ectuon
theordtical dimeomes destivea HbdWe, 16 vdandng' WinntRlsrAvciogs th‘e:
loads acting on a muiti-joint mechanism. Furthermore, the diagrams of Fvgs.
4A-4D are applied for any number of links of the kinematical serial chain of the
multi-joint mechanism.
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The balance forces are generated completely by passive elements, i.e,
for example springs k's, k'3, k'3, and are transmitted by the mirror mechanism
30 to the segments of the multi-joint mechanism 10 by the transmission means
20, made up of example by tendons and by pulleys. .

For the variation of the intensity of the force and/or the direction of the
force respective actuation means 40 and 45 of Figs. 4B, 4C, 4D can be used,
for example motors. It should be noted that such motors do not render the
mirror mechanism an active mechanism. In fact the actuation means 40 and/or:‘
45 move only point P’, without generating any balance forces, whlch are"
always generate, as shown in the examples, by springs and transmitted by
pulleys and by tendons. Even if motors are provided, they are organisms for
controlling the system, and not actuators, which generate balancing forces or
torque.

With reference now to Fig. 5, an elementary kinematic arrangement of a
multi-joint mechanism 10 is shown having two degrees of freedom, that can be
balanced by the invention. In this case, for simplicity, a first axis 11 and a
second 12 axis show two degrees of freedom of the generic muiti-joint
mechanism 10, that are mutually orthogonal and incident with each other at a
point 13, The first axis 11 rotates about a base joint that is integral to a base
portion not shown. Rk

A 2‘\,

With reference to Fig. 6, for balancing force F according to ° an
embodiment of the invention, instead of arranging a passive balancing meané
on the multi-joint mechanism 10, it is possible to make a mirror mechanism
with two corresponding mirror segments 14’ and 15', and to connect the two
mirror segments 14’ and 15’ to each other, in order to transmit to segments 14
and 15, with tendons and pulleys, the same angles described by mirror
segments 14’ and 15'.

In particular, Fig. 6 shows the mirror segments 14' and 15' that can be
connected to the relative links of the multi-joint mechanism 10 of Fig. 5, with
the mirror links rotatably arranged about axes 11’ and 12’, which are inciden_t__va_;it_'
the centre of joint 13'. o

In particular, four tendons or tendons 25 are provided, two fo:r'"‘ef'j"';'f
degree of freedom, which develop from the multi-joint mechanism 10 in é way’i
not shown, while in Fig. 6 for simplicity only one is shown. More in detail, the
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tendons 25 relative to the first degree of freedom 11 of the first segment 14 of
the multi-joint mechanism 10 of Fig. 5 guide the first pulley 51 relative to the
first degree of freedom 11’ of the mirror mechanism 30. Similarly, the tendons
relative to the second degree of freedom 12 of the second segment 15 of the
multi-joint mechanism 10 guide the second pulley 52 relative to the second
degree of freedom of the mirror mechanism 30, and are guided by further idle
pulleys 55, Therefore, each driven pulley 51 and 52 is connected to a segment,
respectively 14 and 15, so that the whole kinematic directions are replicated.

The mirror mechanism ¢an require a passive torque generator 40 (Fig. 7).
and can comprise a direction adjustment mechanism (Fig. 8) having tWo
degrees of freedom, for changing the direction and/or the intensity of the’ force
according acting on the link 15, for example the end-effector of a robotic Iumb '
to obtain eventually mirror mechanism 30 of Fig. 9.

The passive torque generator 40, as shown in Fig. 7, is a mechanlsm that
can be implemented to generate the torque demand for balancing the external
force F of Fig. 5. In particular, the torque generator 40 is comprised of two stiff
segments 41, 42 articulated at point 43 about its axis 45.

With reference to Fig. 7, the segment 41 can rotate freely with respect to .
a fixed frame not shown, about a rotation axis 44 whose direction corresponds
to that of force F. The rotation axis 44 and the rotation axis 45 (which are
perpendicular to each other), and the axis of the inner rotation torque defmed
by the segment 42, cross each other at the centre 13’ of the complete mlrror
mechanism 100, as shown in Fig. 9,

Furthermore, similarly to the diagrammatical view of Fi'g. 1B, the torqde
generator 40 of Fig. 7, comprises three pulleys 81, 82 and 83 arranged at the
vertices of a triangle. In addition, the movable pulley 81 ¢an translate along -th{_a
direction of the rotation axis 44, for changing the intensity of the force, whereas
the fixed idle pulley 83 has an axis aligned with the axis 45 and the movabie
pulley 82 has an axis that can rotate about its axis 45 of the second stiff
segment 42. '

An inextensible tendon 35 is connected at a first end 35a to the movable
pulley 81 whereas at the opposite end 35b it is connected to a resilient
element 80. The resilient element 80 is in turn connected at an end 8{93.
opposite to the end 35b, to a point that is integral to the first stiff segment 41.
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The direction of the rotation axis 44 of the torque generator 40, Wheng:-
mounted in the complete mirror mechanism 100 of Fig. 9, can be changedif‘
using the direction adjustment mechanism 50 of Fig. 8, which is comprised of
two stiff connection members 61 and 62 articulated about an axis 45'. The first
connection member 61 can rotate with respect to a fixed frame, not shown,
about its axis 44' that is aligned with the first axis 44 of the mirror mechanism
of Figs. 7 and 9. Then, the direction adjustment mechanism 50 has two
degrees of freedom and can be operated by two independent motors, not

shown in the figures, for changing the direction of the force on the end-effector

of the robotic limb.

Combining all the elements of Figs. 6-8, the complete mirror mechanism,
is obtained 100 as a global system of operation of passive balance forcgﬂs. as

shown in Fig. 9. :

Always according to the invention, it is possible to balance an
anthropomorphic arm 10 with four degrees of freedom as dlagrammatlcally
shown in Fig. 10. The multijoint mechanism 10 can for example repeat the
abduction-adduction movements of the shoulder, i.e. axis 21, the rotation of
the shoulder, i.e. axis 22, the bending of the shoulder, i.e. axis 23, and the
bending of the elbow, i.e. axis 24. It is, furthermore, pointed out that axes 21,
22, 23 of the first three degrees of freedom have a common point 27, i.e. the
centre of the shoulder, Then, only two stiff segments 16 and 17 are enough for
connecting fixed common point 27 with the end effector, and therefore such
segments represent two kinematic segments of non-zero length. The first axns‘
21 rotates about a base joint that is integral to a base portion, not shown.’ "

The kinematics shown in the present Fig. 10 depicts a single plane |3 that
contains the shoulder articulation 27 and the end-effector 18 of the segment_ _17
where the force F is applied, and then also the kinematic segments as 16 and
17, which have length Ly and Ly unchanging with respect to the movement of
the multi-joint mechanism 10.

Since each kinematic segment 16 and 17 serves to the variation of the
potential energy with respect to the force applied to the end-effector 18, even if
the arm has four degrees of freedom, according to the invention, in the mirror
mechanism 30 only two passive elements are required, in this case springs,
one for each kinematic segment.
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In the figures 11-15 a possible implementation of a mirror mechanism is
shown having the functions diagrammatically indicated in Figs. 4A-4D for a'
multi-joint mechanism as that diagrammatically shown in Fig. 10. :

The multi-joint mechanism ¢an be provided as a rebotic limb 10 (Fig. 11)‘
consisting of a first link 16 and a second link 17, which ends with an end-
effector 18, where a user can for example put the hand or the wrist,

From arm 10, described in more detail hereinafter, connection tendons 25
can develop, of which one only shown, guided by means of pulleys, directed
towards the mirror mechanism 30, which replicates the limb. The idle pulleys.
55 allow to the tendons or tendons 25 to reach the drive mirror puileys 57 and
58 relative to each degree of freedom, with reference to the centre of the
mechanism and to the mirror segments 16’ and 17'.

In the mirror mechanism 30 of Fig. 11, that is designed for the multi-joint
mechanism 10, a space for housing two passive torque generators is provided“
one for each mirror segment, shown in more detail in Figs. 12 and 13, where
they are indicated as 40 and 41, and shown in an assembled way in Fig. 15

With reference to Figs, 12 and 13, a passive torque generator 40, 41. for
reasons of space and size, provides a spiral spring 89 instead of a linear
spring. Obviously the passive torque generators 40 and 41 maintain the same
concepts exposed, for the purpose of computing the elastic constant k for
passive torque generator, according to the above equation [1]. In particular,
the arms 16a and 17a of Figs. 12 and 13 are arranged to rotate respectively
about axes 21', 24’ that in the assembled configuration of Fig. 15 are the same
as arms 16' and 17", .

In particular, in the assembled configuration of Fig. 15, the arms 163 and
17a of the mechanisms 40 and 41 are constrained to the respective ends of
the arms 16’ and 17' by means of respective spherical couplings 16'a and 17" a
The passive torque generators 40, 41 allow also the adjustment of the mtensxty
of the force. In fact, the movement of the movable pulley 81 allows the
édjustment of distance value a, and can be obtained for example by a motor
90 that supports two conical gearings 91 and 92 connected to an adjustment .
screw 93, to which movable pulley 81 is connected. Owing to the system of
tendons and pulleys 35, 81, 86, 87, 88 a spring having zero rest length is
obtained, similar to that of Fig. 1A, even if, as shown in Figs, 12 and 13, the
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pulleys 86 and 88 lay on two different planes. This way, it is possible, with
minimum encumbrance, to displace the movable pulley 81, in order to have a
value of force of any sign positive, negative or zero. |

The space between the motor 90 and the spring 89 makes it possible to
assemble two passive torque generators 40, 41 in overturned position. with,
respect to each other. In fact, in the space of one of the two generators thé.i::
spring 89 of the other of the two torque generators is housed, as shown in Fig.”

185,

In Fig. 14 a possible direction adjustment mechanism 50, is shown which
provides the two degrees of freedom, in order to set the predetermined
direction of the forces. The axis of first direction 22' is obtained in a "standard"
way, with a support §3 to provide the relative joint, whereas the second axis
21’ is made by a circular guide 54, on which a carriage 56 slides, with a
housing 56a for pulleys, for leaving free the space about the second axis 21’,
for housing the two torque generators 40, 41, _

By combining the mirror mechanism 30 of Fig, 11, the two torque
generators 40, 41 of Figs. 12 and 13, and the direction adjustment mechamsm
50 of Fig. 14, the complete mirror mechanism 100 of Fig. 15 is obtauned as,,
global system of operation of passive balance forces for two kinematic .
segments with four degrees of freedom.

From a general point of view, the mechanism 100 of Fig. 15 as a system

of operation of passive balance forces is formed by several elements that

move relatively to each other responsive to the movement of the robotic limb.
The movement of segments 16’ and 17’ about axes 21', 22', 23’ and 24’
provides an exoskeleton in the form of a multi-joint arm 10 capable of following
most of the movements of a human arm, allowing sufficiently wide excursions
for each degree of freedom without possibility of interference between each
other and for any configuration of the robotic limbs and of the mechannsm for
changing the direction of the forces.

The mechanism 100 of Fig. 15 occupies a minimum encumbrance, and lzt.
is therefore easily portable by a user that wears a multi-joint mechanism as
exoskeleton, and can be easily carried for example in a support, for example a
backpack 120, as shown in Fig. 16.

With reference to Figs. 16 to 18, an example is shown of an exoskeleton
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wearable on an arm of an operator that comprises a support portion 120
integral to the chest 155 of a human operator 150, i.e. a backpack support
portion 120 that does not move with respect to the chest (link 0). Furthermore,
the exoskeleton comprises a first movable element 14 for the rotation with
respect to the support portion 120 about a first axis 101 that passes
substantially through the articulation of the shoulder, in the case of the arm, or
through the articulation of the hip, in the case of the leg (not shown). In
particular, the first axis 101 is substantially orthogonal to the transversal plane "
of the chest 155, i.e. substantially orthogonal to the plane that passes
substantially through the centres of the joints of the shoulders, for the upber
limbs, and through the centres of the joints of the hip, for the lower limbs.

Furthermore, the exoskeleton comprises a second movable element 15
for the rotation with respect to the first movable element 14 about a second
axis 102 that passes substantially through the articulation of the shoulder, for
the upper limbs, or through the articulation of the hip, for the lower limbs, and
that is substantially orthogonal to the first axis 101 of the first movable element
14 with respect to the support portion 120. In particular, the exoskeleton makes
it possible to cause the rotation of the second movable element 15 with resp\e_c;t
to the first movable element 14 by a remote center-of-motion mechanism. . -

For example, the remote center-of-motion mechanism can be based on
two four-bar linkages connected to each other, as shown in Figs. 16 and 18, ’ |

In particular, the four-bar linkages are made up of four stiff segments 131',
132, 133 and 154, which are articulated to each other and to the first movable
element 14 and the second movable element 15, through a plurality of joints
141, 142, 143, 144, 145, 146, 147, Each joint comprises a respective rotation
axis parallel to the second axis 102 of the se,cond movable element 15 with
respect to the first movable element 14.

A first stiff segment 131 of the four stiff segments 131, 132, 133 and 134
can rotate with respect to the first movable element 14 by a first joint 141. -
A second stiff segment 132 can rotate with respect to the second_;
movable element 15 by a second joint 142. The second movable element 15"

can rotate with respect to the second stiff element 132 by a third joint 143, .~

A third stiff segment 133 of the above described four stiff connectidns.
can rotate with respect to the second movable element 15 by a fourth joint 144
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and can rotate with respect to the first stiff segment 131 by a fifth joint 145. _

A fourth stiff segment 134 can rotate with respect to the first movable.
element 14 by a sixth joint 146 and can rotate with respect to the second stiff
segment 132 by a seventh joint 147,

The rotation axes of the first and sixth joints 141 and146 and the first 101
and second axis 102 of the first and second movable elements 14 and 15
belong to a first plane. -

The rotation axes of the third and fourth 144 joints 143 and 144 and the
rotation axis 101 of the first movable element 14 with respect to the second.
movable element 15 belong to a second plane. ‘ |

The distance between the first joint 141 and the second joint 142 is the'
same as the distance between the third joint 143 and the first axis 101 of the
first movable element 14 with respect to the second movable element 15,

Furthermore, the distance between the sixth joint 146 and the seventh
joint 147 is the same as the distance between the third joint 143 and the
rotation axis of the first movable element 14 with respect to the second
movable element 15. _

Still, the distance between the second joint 142 and the third joint 143 is
the same as the distance between the first joint 141 and the rotation axis of the -
first movable element 14 with respect to the second movable element 15, N

Finally, the distance between the fifth joint 145 and the fourth joint 144 is -
the same as the distance between the first joint 141 and the rotation axis of the ’
first movable element 14 with respect to the second movable element 15,

In particuiar, as shown in Fig. 16, the exoskeleton comprises a third
movable element 16 that ¢can move with respect to the second movable
element 15 about a third axis 103 that passes substantially through the

articulation of the shoulder, for the upper limbs, or through the articulation of
the hip, for the lower limbs. The third axis 103 is substantially orthogonal to the
rotation axis 102 of the second movable element 15 with respect to the first
movable element 14, ‘_
In addition, the exoskeleton comprises a fourth movable element 17 that-
can move with respect to the third movable element 16 about a fourth axis 104
that passes substantially through the articulation of the shoulder, for the upperi
limbs or through the articulation of the hip for the lower limbs, The third axis
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103 is substantially parallel to the rotation axis 102 of the third movable
element 16 with respect to the second movable element 15.

In particular, (Fig. 17) the exoskeleton for the upper limbs can provide a
fifth movable element 125 that can move with respect to the fourth movable
element 124 about a fifth axis 105 that passes substantially through the
articulation of the elbow and is substantially aligned with the main direction of
the forearm. ,

A sixth movable element 126 can be also provided that can move with
respect to the fifth movable element 125 about a sixth axis 106 that passes
substantially through the articulation of the wrist and is substantially orthogonal. -
to the axis 105 of the fifth movable element 125 with respect to the fourth‘
movable element 17. S

A seventh movable element 127 can be also provided that can move thﬁ
respect to the sixth movable element 126 about a seventh axis 107 that
passes substantially through the articulation of the wrist substantially
orthogonal to the axis 106 of the sixth movable element 126 with respect to the
fifth movable element 125.

The exoskeleton has a workspace that does not limit minimally the ,
natural workspace of the human limbs, and has an actuation system, for
example the complete mirror mechanism 100 of Fig. 15, which can be located

remotely in the backpack 120, without minimally creating encumbrance in the
workspace., -

The complete mirror mechanism 100 with the lighter motors necessan‘/“
only for changing the distance and the application point of the passive torq
generators 40 and 41, is easily portable in the backpack 120 by the user 150
without high effort. Owing to the exoskeleton and to the mirror mechanism with
passive torque generators present in the backpack 120, the forearm of the
user is completely supported for any direction and intensity of the force acting
on the end-effector 18,

A sensor means (not shown) can be provided for sensing the intensity
and the direction of the force acting on the end effector and a control means
(not shown) can be provided for changing the intensity and direction of the
balance forces responsive to signals coming from the sensor means, In this
éase, for any forces acting on the end effector 18, the user is instan‘.t_"li_y a}ng
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automatically raised by this force, in order to apply with efficiency the invention
in cases of Rehabilitation Robotics, assistive Rabotics and Material Handling
Robotics.

The foregoing description of specific exemplary embodiments will so fully
reveal the invention according to the conceptual point of view, so that othe.'i's'.
by applying current knowledge, will be able to modify and/or adapt in various
applications the specific exemplary embodiments without further research and
without parting from the invention, and, accordingly, it is meant 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 t_heﬁl
phraseology or terminology that is employed herein is for the purpofse”‘o‘f
description and not of limitation.
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CLAIMS

An actuating device for a multi-joint mechanism,

said multi-joint mechanism (10) comprising:

-

a base portion (S); ,
a base joint () that has a rotation axis (11, 21) that is integral to
said base portion (S) and defines a first reference system (x, y, 2) -
integral to said base portion (S);

an interaction portion (18) arranged to provide to a user's limb a
contact point, at which an interaction force is applied to said limb
(F) that has a predetermined intensity and direction with respect to
said first reference system;

a predetermined number of movable portions (1, 2, 3, 14, 15, 16,
17) connected to each other by means of joints (21, 22, 23, 24,
101, 102, 103), in order to form a serial kinematic chain startmg
from said base joint (O), Lo
wherein the first movable portion (1, 21) is connected to said. base
portion (S) by said base joint (O) and the last movable portion (3\_ ‘
24) is integral to said interaction portion (18), |
wherein each of said movable portions (1, 2, 3, 14, 15, 16, 17)
comprises a kinematic segment whose length is invariant upon
movement of said interaction portion (18) with respect to said base
portion (S), '

wherein each kinematic segment is the shortest segment
connecting a first axis with a second joint axis of adjacent joints of
a movable portion or, in case of the last movable portion, said
kinematic segment is a segment located between the last joiht énd
said contact point of said interaction portion (18); |

wherein said actuating device comprises:

3

a mirror mechanism (30) comprising:

- at least one mirror joint (O') integral to said base portion (S),
defining a second reference system (x', y', 2') integral to said
base portion (S), B

- a number of mirror movable portions and, respectively, of mirror



10

15

20

25

30

WO 2013/186701 PCT/IB2013/054778

34

kinematic segments (14', 18', 16', 17’'), which is the same
number as the movable portions and the same number as the
kinematic segments of said multi-joint mechanism (10), each
mirror kinematic segment being pivotally connected to said
base portion (S) at one end thereof and to said mirror joint and
have a length that is proportional to the length of the

corresponding kinematic segment of the multi-joint mecﬁéni,‘s"rn’f” S
(10), according to a same proportionality factor for all the

kinematic segments;

- a balance force generation means (k'1, k'2, k'3, 40, 80, 89) for
generating a system of balance forces acting on said mirror
kinematic segments (14', 15°, 16’, 17"),

- atransmission means (25) that is located between said multi-joint
mechanism (10) and said mirror mechanism (30),
wherein said transmission means (25) is configured to:
~ maintain the direction of each kinematic segment (1, 2, 3, 14,

15, 16, 17) of said multi-joint mechanism (10) with reSpect to

said first reference system substantially the same as theza;"-v :

direction of each of said mirror kinematic segments (1’, 2' )

14', 18', 16', 17’) with respect to said second reference

system, for any possible movements of said interaction portion
(18) with respect to said base portion (S),

- transmit said system of balance forces from said mirror
mechanism (30) to said multi-joint mechanism (10), in such a
way that said interaction force (F) applied at said contact point
of said interaction portion (18) is balanced by said balance
forces.

2. The actuating device according to claim 1, wherein said balance force

generation means that generates a system of balance forces compnses\ -

means selected from the group consisting of;

- a force intensity change means responsive to variations of the
intensity of a load acting on said interaction portion (18);
- a force direction change means for changing the direction of said
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force responsive to variations of the direction of a load acting on
said interaction portion (18);
- a combination thereof,

The actuating device according to claim 2, wherein said balance force
generation means comprises a passive resilient element associated with
a predetermined mirror kinematic segment, said passive resilient element .
having a first and a second end, wherein said first end is connected to the \
mobile end of said mirror kinematic segment and said second end IS?
connected to a support element integral to said base portion (S) of the .
multi-joint mechanism (10). :

The actuating device according to claim 2, wherein said force intensity
change means comprises a first means for moving said support element
with respect to said base portion (S) and said force direction change
means comprises a second means for moving said support element with
respect to said base portion (S).

The actuating device according to claim 4, wherein said first means for
moving said support element with respect to said base portion (S):is
arranged to change the distance between said first and said second,‘1
ends, R

The actuating device according to claim 4, wherein said second mea:ﬁas:f |
for moving said support element with respect to said base portion (S) is
arranged to change the direction of a line that passes between said first
and said second ends. ' '

The actuating device according to claim 1, wherein said balance force
generation means comprises torque generation mechanisms in the same
number as said kinematic segments that have a non-zero-length, wherein
each of said torque generation mechanisms:

- is mechanically connected to said mirror mechanism (30) and to
said force intensity change means and/or said force diréction -
change means;

- is equipped only with passive resilient elements, .

- is associated to a specific kinematic segment of said mirror
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mechanism,
8. The actuating device according to claim 1, wherein said transmission

10.

11.

12.

means (25) comprises a plurality of inextensible tendons and a plurality of
pulleys in the same number as the joints of said multi-joint mechanism
(10) that are associated with a corresponding plurality of mirror pulleys
that are respectively arranged on each mirror movable portions of said
mirror mechanism (30).

The actuating device according to claim 8, wherein each inextensible
tendon of said plurality is arranged to define a loop with said pulleys:. " -

The actuating device according to claim 8, wherein said mirror
mechanism (30) is located remotely with respect to said multi-join"t
mechanism (10) and operated by said tendons. ‘

The actuating device according to claim 10, wherein said mirroh
mechanism is arranged in a backpack that can be worn by the user (150),
or in a distribution case that can be put adjacent to the user (150).

The actuating device according to claim 3, wherein said passive resilient
element for applying a force to said mirror segment comprises a passive
torque generator comprising: |

a first rigid body and a second rigid body mechanically connected by a
joint that has an axis fixed to both of them; ER

a first, a second and a third idle pulley, whose axes are parallel to o.hé
another and arranged at the vertices of a triangle, being the axes of the
first and of the third pulley integral to said first rigid body, the axis of the
second pulley integral to said second rigid body and the axis of the third
puliey collinear with the joint axis of said second rigid body with respect

to said first rigid body;
a passive linear resilient element having a first end connected to said
first rigid body;

an inextensible tendon or tendon, which is wound about the three'
pulleys and which has the first end connected to said first rigid body and_
the second end connected to the second end of the resilient element.
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The actuating device according to claim 12, wherein said force int:e-n.si'tSf
change means is formed by said passive torque generator, wherein said
first pulley is a movable pulley arranged to adjust its own spatial position
with respect to said second pulley.

The actuating device according to claim 13, wherein said movable pulley
is arranged to translate along a direction defined by a translation axis .
passing through said movable pulley and said fixed puiley.

The actuating device according to claim 1, wherein said muiti-joint
mechanism (10) comprises: _

- a first movable portion that is movably joined to the base portion
(S) through the base joint (O) S

- a second movable portion which works as interaction portion ‘(f’lﬁ‘:)‘"
with a user's limb (150), in order to provide said contact point, '

- asecond joint, which pivotally connects the interaction portion (18)
with the first movable portion, wherein the axis of the base joint (O)
and the axis of the second joint are mutually orthogonal and
incident with each other in a point that is distinct from said contact
point;

- wherein said second movable portion, which works as interaction |
portion (18), has said contact point that does not fall on the axis of
the second joint and has a predetermined length between said
second joint and said contact point, |
and said mirror mechanism (30) comprises:

- a mirror base portion (S) coincident or integral to the base portion
(S) of the multi-joint mechanism (10),

- a first mirror movable portion pivotally connected to the mirror
base portion (S) by a first mirror joint,

- a second mirror movable portion pivotally connected to the mirror
base portion (S) by a second mirror joint,

wherein the axes of said first and said second mirror joint are mutually

orthogonal and incident with each other at said mirror joint;

wherein said transmission means (25) comprises:
- afirst driven pulley and an idle pulley, both having their own axes
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coincident with the axis of said base joint (O), wherein said first
driven pulley is integral to said first movable portion of said multi-
joint mechanism (10); ,
a second driven pulley co-axial to said second joint of the muiti-
joint mechanism (10) and integral to the interaction portion (18). of
the multi-joint mechanism (10);

possible secondary idle pulieys mounted to the first movable
portion of the multi-joint mechanism (10); '
a first mirror driven pulley and a mirror idle pulley, coaxial to said
first joint of said mirror mechanism (30) and being said first mirror
driven pulley integral to said first mirror movable portion;

a second mirror driven pulley, which has an axis aligned to the
axis of said second joint of the mirror mechanism (30) and belng
said second mirror driven pulley integral to said second mnrror
movable portion;
possible secondary mirror idle pulleys, mounted to the first mlrror
movable portion;

inextensible tendons that are wound about said driven and idle
pulleys of the multi-joint mechanism (10) and of the mirror
mechanism (30), in such a way that two independent mechanical
transmissions are provided, wherein a first mechanical
transmission transmits the torque generated on said first mirror
driven pulley to said first driven pulley of the multi-joint mechanism
(10), and a second mechanical transmission transmits the torque
generated on said second mirror driven pulley to said second
driven pulley of the multi-joint mechanism (10), o
wherein the secondary idle pulleys and the secondary mirror i&ié
pulleys deflect the inextensible tendons in such a way that the
latter are always in contact with the idle and driven pulleys during
all possible movements of said multi-joint mechanism (10).

16. The actuating device according to claim 1, wherein a passive torque
generator comprises: B
- a couple of driven pulleys connected to a first and a second end of
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a stiff connection element, said stiff connection element being
pivotally connected to a support at said first end,

a movable pulley arranged to adjust its own spatial position with
respect to said couple of driven pulleys;

a connection tendon which it is arranged to connect to each other
said couple of driven pulleys with said movable pulley, wherein
said connection tendon is associated with a resilient element and :
forms a substantially closed path with said pulleys;

wherein said first movable pulley lays in a plane slanted with
respect to the plane that contains said second pulley and third
pulley in such a way that said movable pulley can translate along
said slanted plane without intersecting said plane on which said
second pulley and said third pulley lay.

17. The actuating device according to claim 1, wherein said multi-joint
mechanism (10) comprises: |

a first movable portion that is movably joined to the base portlon
(S) through the base joint (O); . ain
a second movable portion that is movably joined to the first
movable portion through a second joint;

a third movable portion that is movably joined to the second
movable portion through a third joint;

a fourth movable portion that is movably joined to the third
movable portion through a fourth joint, wherein said fourth
movable portion works as interaction portion (18) with a user’s limb
(150), in order to provide said contact point,

wherein:

said base joint (O) and said second and third joints have axes that
in pairs are mutually orthogonal and incident with each other |n a
same point of incidence, .
said fourth joint has axis parallel to the axis of the third joint so that
the minimum distance between the axis of said third and said
fourth joint determines a first kinematic segment of non-zero length
said fourth movable portion works as interaction portion (18) and |
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said contact point integral to the interaction portion (18) does not
fall on the axis of the fourth joint, such that the kinematic segment
relative to the fourth movable portion is also not zero, in such a
way that said multi-joint mechanism (10) has only two kinematic
segments that have a hon-zero length;

wherein said mirror mechanism (30) comprises:

a mirror base portion (S) coincident or integral to the base portson
(S) of the multi-joint mechanism (10), R
a first mirror movable portion pivotally connected to the mirror
base portion (S) by a first mirror joint; '
a second movable portion pivotally connected to the second mirror
base portion (S) by a second mirror joint;

a third movable portion pivotally connected to the second mirror
movable portion through a third mirror movable portions; )
a fourth mirror movable portion pivotally connected to the second
mirror movable portion through a fourth mirror movable portnons,
wherein the axes of said first, second and third joints are in pairs

mutually orthogonal and incident with each other in a same point . .

of incidence, whereas the axis of said fourth joint is parallel to the -
axis of said third joint and passes through said point of incidence

said transmission means (25) of the couple comprising:

driven pulleys integral to the respective movable portions of said
multi-joint mechanism (10); |
driven mirror pulleys integral to said mirror movable portions

four inextensible tendons that are wound about said driven pulleys
and on idle pulleys of the multi-joint mechanism (10) and of the
mirror - mechanism (30), in order to provide corresponding
mechanical independent transmissions, for transmitting torque that
is generated on said driven mirror pulleys to the respective dri\)e_ri

pulleys of the multi-joint mechanism (10), where the idle pulley oo

3

the multi-joint mechanism (10) and of the mirror mechanism (30) "
deflect the inextensible tendons in such a way that the latter are
always in contact with the idle and driven pulleys during all
possible movements of said multi-joint mechanism (10),
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and wherein said generation means the balance forces comprises:

- two torque generators independent, the first connected to the third
movable portion at a point different from said point of incidence
and the second connected to the fourth movable portion at a point
different from said point of incidence.

The actuating device according to claim 17, wherein ‘

- said force intensity change means and force direction change means"“
comprise a system of four motors, of which two first motors are &
operated in a way synchronous for changing the intensity of the: force o
and twa motors are operated independently for changing its d|rect|on.

The actuating device according to claim 18, wherein each two first motors
are associated with a single torque generator that is used for changing
the distance of the first pulley with respect to the third pulley of its own
torque generator, whereas each two seconds motors are used for
changing the intersection of the axis of the first pulley with the axis of the
third pulley of both torque generators.

The actuating device according to claim 19, wherein at least one of two
axes of direction is made with a remote centre of rotation mech'ani'srﬁ_
consisting of a circular guide to make a space for housing the torq”ue
generation mechanisms arranged substantially as a fixed joint wuth‘
respect to each other in a central zone of said circular guide, in parhcular
each two torque generators comprises a spiral spring.
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