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Stiffness adjustable rotary joint

The present invention relates to a stiffness-adjustable rotary joint according to the pream-

ble of independent claim 1.

Stiffness-adjustable rotary joints have been developed and used in particular on robots in-
tended to interact with the human beings, such as for instance humanoid robots and exo-
skeletons. These rotary joints have two degrees of freedom, namely position and stiffness,
and require therefore the use of two separate actuators. They also require the use of elastic
elements to provide the compliance which is necessary in order to ensure safety. The stiff-
ness-adjustable rotary joints can be classified, depending on the position of the actuators
and of the elastic elements, in the following two categories:

- rotary joints with an antagonistic arrangement of the two actuators, in which the
two actuators are arranged each in series with a non-linear elastic element and in which the
position and the stiffness of the joint are controlled by means of the relative movement of
the two actuators; and

- rotary joints in which one of the actuators is operable to change the position and the
other actuator is arranged in series with an elastic element and is operable to change the

stiffness through a mechanism allowing to obtain a non-linear stiffness characteristic.

The main requirements which have to be met in these rotary joints are:

- compact sizes and reduced weight;

- capability to change the stiffness with the minimum energy consumption possible;
and

wide range of change of the stiffness.

In most of the previous solutions, whether they belong to the first or to the second category
indicated above, stiffness is changed by changing the preload of the elastic elements,

which however involves a considerable energy consumption.

A stiffness-adjustable rotary joint according to the preamble of independent claim 1 is dis-

closed in the paper "An intrinsically safe actuator with the ability to adjust the stiffness"
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presented on June 16, 2010 during the 7th IARP Workshop on Technical Challenges for
Dependable Robots in Human Environments held in Tolosa, as well as in the paper "4
novel variable stiffness actuator: minimizing the energy requirements for the stiffness
regulation" presented during the 32nd Annual International Conference of the IEEE EMBS
held in Buenos Aires from August 31, 2010 to September 4, 2010. The rotary joint dis-
closed in the above-mentioned papers basically comprises an output member rotatable
about a first axis of rotation, a first actuator device (made in particular as an electric motor
and reduction gear assembly) arranged to generate a rotary motion about said first axis of
rotation, an input member driven by the first actuator device to rotate about the above-
mentioned axis of rotation, a pair of antagonistic springs each interposed between the input
member and the output member in such a manner that the torque generated by the first ac-
tuator device is transmitted from the input member to the output member via these springs,
and a second actuator device arranged to change the distance between the springs and said
first axis of rotation, and hence the lever arm of the elastic force produced by the springs,
in order to change the stiffness of the joint. According to this known rotary joint, therefore,
the stiffness is changed by changing not the preload of the springs, but their position.
Moreover, the direction of the movement required to change the position of the springs,
and hence to change the stiffness of the joint, is perpendicular to the direction of the elastic
force generated by the springs, and accordingly the energy consumption required to change
the stiffness of the rotary joint would be theoretically equal to the sole energy consumption
of the actuator device used to change the position of the springs. Actually, due to the pres-
ence of friction and due to the fact that in positions other than that of equilibrium the elas-
tic force generated by the springs has a certain component, though small, along the direc-
tion of displacement of the springs, the energy consumption is higher than the theoretical
one. It is however significantly lower than that of the rotary joints in which the stiffness is
changed by changing the preload of the elastic elements, and therefore the second actuator
device controlling the change of stiffness can be much more compact than that of the other
stiffness-adjustable rotary joints. A further advantage of this known solution is that it does
not require the use of non-linear springs or mechanisms to provide the non-linear stiffness

characteristic required to adjust the stiffness.

It is an object of the present invention to provide a stiffness-adjustable rotary joint which is



10

15

20

25

30

WO 2012/038931 PCT/IB2011/054193

even more compact and light, which has an even lower energy consumption and which al-

lows to adjust the stiffness in an even wider range than the prior art discussed above.

This and other objects are fully achieved according to the present invention by virtue of a
stiffness-adjustable rotary joint having the features set forth in the characterizing portion of

the enclosed independent claim 1.

Preferred embodiments of a stiffness-adjustable rotary joint according to the present inven-
tion are the subject-matter of the dependent claims, the content of which is to be regarded

as an integral and integrating part of the present specification.

In short, the invention is based on the idea of providing a stiffness-adjustable rotary joint of
the above-identified type, wherein the rotary joint further comprises an intermediate mem-
ber which is hinged at an end thereof to the output member so as to rotate relative to this
latter about a second axis of rotation parallel to the first axis of rotation, abuts at its oppo-
site end against the elastic means and is hinged, in an intermediate point thereof positioned
between the point at which it is hinged to the output member and the point at which the
elastic force generated by the elastic means is applied, to the input member so as to rotate
relative to this latter about a third axis of rotation parallel to the first axis of rotation, in
such a manner that the transmission of the torque between the input member and the output
member takes place via the intermediate member, and wherein the second actuator device
is arranged to change the position of the hinge point of the input member with the interme-
diate member, so as to change the distance between the second axis of rotation and the
third axis of rotation. The displacement of this hinge point results in a change of the ratio
of the lever arm of the force transmitted between the intermediate member and the output
member at the hinge point at which these members are hinged to each other, to the lever
arm of the force transmitted between the intermediate member and the elastic means, and
hence a change of the stiffness of the rotary joint, intended as the ratio of the torque ap-
plied to the angular deflection due to this torque. In the rotary joint according to the inven-
tion, therefore, the stiffness is not changed by changing the preload or the position of the
springs, but by changing the elastic force applied by the elastic means by virtue of a

mechanism having an adjustable lever ratio. Accordingly, the energy consumption required
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to change the stiffness is extremely low. Moreover, the stiffness can be changed in the
widest range possible, namely from zero to infinite, irrespective of the characteristics of
the springs used as elastic means. Additionally, the rotary joint according to the invention
has a compact and light structure, which is also due to the fact that the reduced power re-
quired to change the position of the hinge point of the intermediate member with the output
member allows the use, as a second actuator device, of an electric motor of reduced sizes

and weight.

According to an advantageous embodiment of the present invention, the intermediate
member is configured as a lever which extends in a plane perpendicular to the second axis
of rotation and has a cam-shaped lateral surface, and additionally the elastic means com-
prise a pair of idle rollers located on opposite sides of a plane passing through the second
axis of rotation and a pair of elastic elements each arranged to urge a respective roller

against the lateral surface of the intermediate member.

Preferably, the elastic elements are configured in such a manner that the elastic forces ap-
plied by them on the intermediate member through the rollers are directed along the same
direction. Preferably, the direction along which the elastic forces applied by the elastic
elements on the intermediate member through the rollers are directed passes through the
first axis of rotation and is perpendicular to this axis. Preferably, the elastic elements abut
each at the one end against the respective roller and at the opposite end against a respective
abutment element secured to the input member. Preferably, the elastic elements are cylin-
drical helical springs arranged with the respective axes aligned along the above-mentioned
same direction. By virtue of such a configuration of the elastic means, a further reduction
of the size, in particular of the transverse size (i.e. the size in a plane perpendicular to the
axes of rotation of the input member, of the intermediate member and of the output mem-
ber), of the rotary joint can be obtained. The range of possible applications of the rotary
joint is therefore even wider, as the joint is able to meet even more stringent requirements

in terms of maximum size.

According to an advantageous embodiment of the present invention, the second actuator

device comprises a motor, in particular an electric motor, for generating a rotary motion
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and a motion conversion mechanism for converting the rotary motion generated by the mo-
tor into a translational motion, wherein the motor and the motion conversion mechanism
are carried by the input member so as to be drivingly connected for rotation with this latter,
wherein the motion conversion mechanism comprises a pinion arranged to be driven by the
motor to rotate in either direction and a rack permanently meshing with the pinion to be
driven by this latter to translate in either direction, and wherein the intermediate member is
hinged to the input member by means of a hinge pin carried by the rack so as to be driv-
ingly connected for translation with this latter. Preferably, the rack is arranged so as to
translate along a direction passing through the first axis of rotation and perpendicular to
this latter, in such a manner that the hinge pin by means of which the rack is hinged to the
intermediate member, and which defines the third axis of rotation, is movable along this
direction. By virtue of such a configuration of the second actuator device, and in particular
by virtue of the rack being oriented in a "radial" direction, i.e. in a direction passing
through the first axis of rotation and perpendicular to this latter, and of the pinion, along
with the associated motor, being arranged with its own axis oriented perpendicular to the
above-mentioned "radial" direction, a further reduction of the size, in particular of the
transverse size (i.e. of the size in a plane perpendicular to the axes of rotation of the input
member, of the intermediate member and of the output member), of the rotary joint can be

obtained.

Further features and advantages of the present invention will appear from the following de-
tailed description, given purely by way of non-limiting example with reference to the ap-
pended drawings, in which:

Figure 1 is a perspective view, partially in phantom, of a stiffness-adjustable rotary
joint according to a first preferred embodiment of the present invention;

Figure 2 is a perspective view, partially in phantom, of a portion of the rotary joint
of Figure 1;

Figure 3 is a section view of the rotary joint of Figure 1 in a section plane passing
through the axis of rotation of the rotary joint;

Figure 4 is a section view from above of the rotary joint of Figure 1 in a section
plane perpendicular to the axis of rotation of the rotary joint;

Figure 5 is a perspective view from below which shows in detail the intermediate
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member and the second actuator device of the rotary joint of Figure 1;

Figure 6 is a section view in a section plane passing through the axis of rotation of
the rotary joint, which shows in detail the intermediate member and the second actuator
device of the rotary joint of Figure 1;

Figure 7 is a perspective view, partially in phantom, of a stiffness-adjustable rotary
joint according to a further preferred embodiment of the present invention;

Figure 8 is a view from above of the rotary joint of Figure 7, from which the upper
cover of the output member has been removed;

Figure 9 is an axial section view of the rotary joint of Figure 7; and

Figure 10 is a perspective view showing in detail the second actuator device of the

rotary joint of Figure 1.

With reference first to Figures 1 to 6, a stiffness-adjustable rotary joint according to a first
preferred embodiment of the present invention is generally indicated 10 and basically
comprises:

an output member 12 rotatable about an axis of rotation x;,

a first actuator device 14 arranged to generate a rotary motion about the axis of ro-
tation x,,

an input member 16 driven by the first actuator device 14 to rotate about the axis of
rotation x;,

an intermediate member 18 which is made as a lever and is hinged at an end thereof
to the output member 12, in such a manner that the intermediate member 18 is able to ro-
tate relative to the output member 12 about a stationary axis of rotation x;, which is paral-
lel to the axis of rotation x; and is placed at a certain (constant) distance from this latter,
and at an intermediate point thereof to the input member 16, in such a manner that the in-
termediate member 18 is able to rotate relative to the input member 16 about a movable
axis of rotation x3 (Figure 4), which is parallel to the axis of rotation x; and is placed at a
certain (variable from zero to a given maximum value) distance from this latter,

a pair of elastic elements 20 which are located on opposite sides of the intermediate
member 18 with respect to a plane passing through the axis of rotation x; and through a
longitudinal axis of the intermediate member 18 (indicated y; in Figure 4) and are arranged

to apply each an elastic force on this member, in such a manner that the rotary joint 10 has
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a certain compliance due to the possibility for the intermediate member 18 to pivot about
the hinge axis about which it is hinged to the input member (axis of rotation x3) as a result
of the deformation of the elastic elements 20, and

a second actuator device 22 arranged to move the hinge point at which the interme-
diate member 18 is hinged to the input member 16, and hence the distance between the
axes of rotation x; and x3, along an axis (indicated y, in Figure 4) passing through the axis
of rotation x, and perpendicular to this latter, so as to change the ratio of the lever arm of
the force transmitted between the intermediate member 18 and the output member 12 at the
hinge point at which these members are hinged to each other, to the lever arm of the force
transmitted between the intermediate member 18 and the elastic elements 20, and hence the
stiffness of the rotary joint, as will be better explained in the following part of the descrip-

tion.

The first actuator device 14, which controls the angular position of the input member 16,
and hence of the output member 12, of the rotary joint 10 about the axis of rotation x; and
which therefore will be hereinafter referred to also as position actuator, is preferably a ro-
tary electric motor to which a reduction gear may be associated. The position actuator 14 is

mounted on a support structure or base 24.

The input member 16 comprises a cylindrical body 26 which is arranged with its own axis
coaxial with the axis of rotation x; and inside which the elastic elements 20 and the second
actuator device 22 are accommodated, as will be explained in detail further on. The cylin-
drical body 26 of the input member 16 comprises a bottom base 28 to which a connection
plate 30 is attached, the connection plate 30 being in turn attached to an output member 32
of the position actuator 14 to be driven in rotation by this latter and being rotatably sup-

ported by the support structure 24 by means of a bearing 34.

The output member 12 comprises a disc 36 which is arranged so as to close the cylindrical
body 26 of the input member 16 on the top side and is rotatably supported by this latter by
means of a bearing 38. In the illustrated embodiment, the output member 12 further com-
prises an arm 40 which is attached to the disc 36 and extends along a direction which is

perpendicular to the axis of rotation x;, preferably parallel to the axis y;. Naturally, de-
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pending on the specific application of the rotary joint, the arm 40 might even be omitted or
have a shape different from the one here illustrated. The disc 36 has a circular through hole
42 through which a hinge pin 44 passes, the output member 12 being hinged through the
hinge pin 44 to the intermediate member 18 to rotate relative to this latter about the axis of

rotation x,.

With reference in particular to Figures 3 to 5, the second actuator device 22 (also referred
to in the following part of the description as stiffness actuator, since it has the function of
changing the stiffness of the rotary joint) is made as a linear actuator arranged to move
along the axis y; a hinge pin 46 by means of which thé input member 16 is hinged to the
intermediate member 18, and hence to change the distance between the axis of rotation x;
and the axis of rotation x;. In this connection, the stiffness actuator 22 comprises an elec-
tric motor 48 arranged to generate a rotary motion about an axis parallel to the axis y; and
a motion conversion mechanism 50 arranged to convert the rotary motion produced by the
electric motor 48 into a translational motion of the hinge pin 46 along the axis y;. The mo-
tion conversion mechanism 50 is made as a pinion and rack mechanism and comprises a
pinion 52, which is fixed to a drive shaft of the electric motor 48 to be driven by this latter
to rotate in either direction, and a rack 54, which permanently meshes with the pinion 52 to
be driven by this latter to translate in either direction along the axis y;. The hinge pin 46 is
carried by the rack 54 so as to be drivingly connected for translation with this latter along
the axis y;. The rack 54 is supported by the input member 16, and in particular is guided at
its opposite ends in a pair of coaxial holes 58 provided in the lateral wall of the cylindrical
body 26 of the input member 16. The electric motor 48 and the pinion 52 are also suitably
supported by the input member 16, the electric motor 48 being in particular received in a
special cavity 60 provided in the lateral wall of the cylindrical body 26 of the input mem-
ber 16.

With reference in particular to Figures 4 and 5, the intermediate member 18 has a slit 62
which extends along the axis y, (longitudinal axis of the intermediate member 18) and in
which the hinge pin 46 slidably engages. The slit 62 is advantageously configured in such a
manner that the hinge pin 46 is movable between a first end-of-travel position, in which the

axis of rotation x3 is aligned with the axis of rotation x,, and a second end-of-travel posi-
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tion, in which the axis of rotation x; is aligned with the axis of rotation x,. The intermedi-
ate member 18 has a cam-shaped lateral surface, which is advantageously symmetrical
with respect to the axis y, and against which a pair of idle rollers 64 are held in abutment
by the elastic elements 20, the idle rollers 64 being located on opposite sides with respect
to a plane passing through the axis of rotation x, and through the axis y,. More specifically,
each elastic element 20 is interposed between the lateral wall of the cylindrical body 26 of
the input member 16 and a respective roller 64 and is configured to apply on this latter an
elastic force tending to urge it against the lateral surface of the intermediate member 18.
Preferably, the elastic elements 20 are configured in such a manner that the elastic forces
they apply on the intermediate member 18 through the rollers 64 are directed along the
same direction, in particular along a direction passing through the axis of rotation x; and
perpendicular to this latter. Advantageously, the elastic elements 20 are made as cylindrical
helical springs and are arranged with the respective axes aligned along the above-
mentioned same direction. Moreover, adjusting devices (of per-se-known type) are advan-
tageously associated to the elastic elements 20 and allow to adjust the preload of the elastic

elements 20.

As shown in particular in Figures 2 and 3, the rotary joint 10 is also provided with a sensor
device arranged to detect the relative rotary movement between the input member 16 and
the output member 12. This sensor device comprises an internally-toothed ring gear 66
which is fixed to the top face of the cylindrical body 26 of the input member 16 and is ar-
ranged coaxially to this latter, an idle pinion 68 which is supported by the disc 36 of the
output member 12 and permanently meshes with the internally-toothed ring gear 66, and an
encoder (not shown) which is connected to the pinion 68 to detect the angular position
thereof. By virtue of such a configuration, the sensor device has a very high sensitivity,
which helps to increase the fluidity of response of the rotary joint, and also takes less space
than that typically taken when the encoder is placed along the axis of rotation of the rotary

joint, which helps to make the rotary joint as compact as possible.

The operation of the rotary joint 10 according to this first embodiment of the present in-
vention is the following. The torque generated by the position actuator 14 is transmitted to

the output member 12, passing in order through the input member 16 and the intermediate
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member 18. The stiffness actuator 22 allows to change the stiffness of the rotary joint by
changing the ratio of the lever arm of the force transmitted between the intermediate mem-
ber 18 and the output member 12 at the hinge pin 44 to the lever arm of the force transmit-
ted between the intermediate member 18 and the elastic elements 20. The stiffness of the
rotary joint 10, defined as the ratio of the torque applied to the angular deflection due to
this torque, is proportional to Ko?L?, where K is the stiffness of each elastic element 20, r
is the ratio of the distance of the axis of rotation x3 (axis of the hinge pin 46 - movable pin)
from the axis of rotation x; (axis of rotation of the input member 16 and of the output
member 12) to the distance of the axis of rotation x; from the axis of rotation x; (axis of
the hinge pin 44 - stationary pin) and L is the sum of the above-mentioned distances (in
other words, the distance between the end-of-travel positions of the hinge pin 46 defined
above). The stiffness K of the elastic elements 20 and the distance L being fixed, the stiff-
ness of the rotary joint 10 can thus change from 0 (with r equal to 0, i.e. when the hinge
pin 46 is aligned with the axis of rotation x; of the input member 16 and of the output
member 12) to infinite (with r tending to infinite, i.e. when the hinge pin 46 is aligned with
the hinge pin 44). By changing therefore the position of the hinge pin 46 along the slit 62
of the intermediate member 18 by means of the stiffness actuator 22, it is possible to
change the stiffness of the rotary joint 10 in a theoretically infinite range, thereby making

the rotary joint according to the invention suitable for any application.

With reference now to Figures 7 to 10, a stiffness-adjustable rotary joint according to a fur-
ther embodiment preferred of the present invention is generally indicated 110 and basically
comprises:

an output member 112 rotatable about an axis of rotation x;,

a first actuator device 114 arranged to generate a rotary motion about the axis of ro-
tation X,

an input member 116 driven by the first actuator device 114 for rotation about the
axis of rotation x;,

an intermediate member 118 made as a lever which is hinged at an end thereof to
the output member 112, in such a manner that the intermediate member 118 is able to ro-
tate relative to the output member 112 about an axis of rotation x; parallel to the axis of ro-

tation x;, and at an intermediate point thereof (movable along the longitudinal direction of
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the intermediate member, indicated y in Figure 2) to the input member 116, in such a man-
ner that the intermediate member 118 is able to rotate relative to the input member 116
about an axis of rotation x; parallel to the axis of rotation x;,

a pair of springs 120 which are located on opposite sides of the intermediate mem-
ber 118 with respect to a plane passing through the axes x; and y and abut against the end
of the intermediate member 118 opposite to the one at which this member is hinged to the
output member 112, in such a manner that the rotary joint 110 has a certain compliance by
virtue of the possibility for the intermediate member 118 to pivot about the axis of rotation
X3 as a result of the elastic deformation of the springs 120, and

a second actuator device 122 arranged to move the hinge point at which the inter-
mediate member 118 is hinged to the input member 116 along the axis y, so as to change
the ratio of the lever arm of the force transmitted between the intermediate member 118
and the output member 112 at the hinge point at which these members are hinged to each
other, to the lever arm of the force transmitted between the intermediate member 118 and

the springs 120, and hence the stiffness of the joint, as will be better explained further on.

The first actuator device 114, which controls the position of the output member 112 of the
rotary joint 110 and which therefore will be hereinafter referred to also as position actua-
tor, is preferably a rotary electric motor to which a reduction gear can be associated. The

position actuator 114 is mounted on a support structure or base 124.

As shown in Figure 9, the output member 112 is rotatably supported at the one end (top
end, according to the observer of Figure 9) on the support structure 124 by means of a
bearing 126, and at the opposite end (bottom end, according to the observer of Figure 9) on
the stationary part of the electric motor working as position actuator 114 by means of a
bearing 128. The output member 112 comprises a casing 130, which accommodates the in-
put member 116, the intermediate member 118 and the springs 120, and an arm 132 which
is attached to the casing 130 and extends for instance along a direction perpendicular to the
axis of rotation x;, preferably parallel to the direction y. Naturally, depending on the spe-
cific application of the rotary joint, the arm 132 of the output member 112 might even be
omitted or have a shape different from the one here illustrated. The casing 130 of the out-

put member 112 comprises a pair of opposite parallel bases 134 and 136 (a top base and a
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bottom base, respectively, according to the point of view of the observer of Figure 9),
wherein the top base 134 has a circular through hole 138 next to the hinge point at which
the output member 112 is hinged to the intermediate member 118, while the bottom base
136 has, next to the position actuator 114, a circular through hole 140 through which the
intermediate member 118 is connected for rotation with the movable part of the position

actuator 114.

The input member 116 comprises a head plate 142 of circular shape, which is received in
the circular through hole 140 of the bottom base 136 of the output member and is con-
nected for rotation (for instance by means of screws) with the movable part of the position
actuator 114, and an elongated plate 144, which is attached to the head plate 142 and which

has for instance a rectangular shape with the long sides parallel to the direction y.

With reference also to Figure 10, the second actuator device 122 (hereinafter referred to
also as stiffness actuator, since it has the function of changing the stiffness of the rotary
joint) is mounted on the input member 116 and is made as a linear actuator arranged to
move the hinge point at which the input member 116 is hinged to the intermediate member
118 (and hence the position of the axis of rotation x3) along the direction y. In this connec-
tion, the stiffness actuator 122 comprises an electric motor 146 arranged to generate a ro-
tary motion about an axis parallel to the direction y and a motion conversion mechanism
148 arranged to convert the rotary motion generated by the electric motor 146 into a trans-
lational motion along the direction y of a hinge pin 150 by means of which the input mem-
ber 116 is hinged to the intermediate member 118 so as to rotate relative to this latter about
the axis of rotation x3. The motion conversion mechanism 148 comprises an endless screw
152, which is oriented with its own axis parallel to the direction y and is arranged to be
driven in rotation by the electric motor 146, and a nut screw 154 cooperating with the end-
less screw 152 to be moved along the direction y as a result of the rotation of the endless
screw. The hinge pin 150 is carried by the nut screw 154 so as to translate with this latter
along the direction y. The endless screw 152 is supported at its ends by a pair of support
plates 156 and 158 which are attached to the head plate 142 and to the elongated plate 144
of the input member, respectively. The support plate 156 also supports the electric motor

146. A guide rod 160, which passes through a through hole (not shown) provided in the nut
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screw 154 so as to prevent this latter from rotating about the axis of the endless screw 152,

extends between the two support plates 156 and 158 parallel to the endless screw 152.

With reference in particular to Figures 8 and 9, the intermediate member 118 has a longi-
tudinal slit 162 which extends along the direction y and in which the hinge pin 150 slidably
engages. At the end of the intermediate member 118 facing towards the springs 120 (right-
hand end, relative to the point of view of the observer of Figures 8 and 9), the intermediate
member 118 is provided with a pair of rollers 164, which are rotatably mounted each about
a respective axis of rotation parallel to the axis of rotation x; and abut each against either
of the radial end arms 166 (upper arm, with respect to the point of view of the observer of
Figure 9) of the respective spring 120. A hinge pin 168 is attached to the opposite end of
the intermediate member 118 and is rotatably mounted in the circular through hole 138 of
the top base 134 of the output member 112 for articulated connection between the interme-

diate member 118 and the output member 112 about the axis of rotation x,.

The springs 120 are made as cylindrical helical springs which are wound about respective
pins 170 fixed to the output member 112 and have their axes oriented parallel to the axis of
rotation x,. As already stated, the radial end arms 166 of the springs 120 abut, on opposite
sides, against the end of the intermediate member 118 opposite to the one at which the in-
termediate member 118 is hinged to the output member 112, so as to apply antagonistically
an elastic reaction torque on the intermediate member 118 when this latter pivots about the
axis of rotation x3 defined by the hinge pin 150. The contact points between the radial end
arms 166 of the springs 120 and the rollers 164 of the intermediate member 118 are advan-
tageously aligned with the axis of rotation x; about which the output member 112 rotates,
in that a straight line passing through these contact points passes also through the axis of

rotation X;.

The operation of the rotary joint 110 according to this further embodiment of the present
invention is the following. The position actuator 114 allows to change the angular position
of the output member 112 about the axis of rotation x;. The torque generated by the posi-
tion actuator 114 is transmitted to the output member 112, passing in order through the in-

put member 116 and the intermediate member 118. The stiffness actuator 122 allows to
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change the stiffness of the rotary joint by changing the ratio of the lever arm of the force
transmitted between the intermediate member 118 and the output member 112 at the hinge
pin 168 to the lever arm of the force transmitted between the intermediate member 118 and
the springs 120. The stiffness of the rotary joint 110, defined as the ratio of the torque ap-
plied to the angular deflection due to this torque, is equal to 2Ksr?L%, where K is the stiff-
ness of each of the springs 120, r is the ratio of the distance of the axis of rotation x; (axis
of the hinge pin 150) from the axis of rotation x; (axis of rotation of the output member
112) to the distance of the axis of rotation x; from the axis of rotation x; (axis of the hinge
pin 168) and L is the length of the intermediate member 118. The stiffness Ks of the
springs 120 and the length L of the intermediate member 118 being fixed, the stiffness K of
the rotary joint 110 can thus change from 0 (with r equal to 0, i.e. when the hinge pin 150
is aligned with the axis of rotation x; of the output member 112) to infinite (with r tending
to infinite, i.e. when the hinge pin 150 is aligned with the hinge pin 168). By changing
therefore the position of the hinge pin 150 along the longitudinal slit 162 of the intermedi-
ate member 118 by means of the stiffness actuator 122, it is possible to change the stiffness
of the rotary joint 110 in a theoretically infinite range, thereby making the rotary joint ac-

cording to the invention suitable for any application.

In addition to the possibility of changing the stiffness as desired, the rotary joint according
to the present invention offers the advantage of having a compact and light structure and of

requiring very little energy to change the stiffness.

Naturally, the principle of the invention remaining unchanged, the embodiments and the
constructional details may vary widely with respect to those described and illustrated
purely by way of non-limiting example, without thereby departing from the scope of the

invention as defined in the appended claims.
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CLAIMS

1. Stiffness-adjustable rotary joint (10; 110) comprising

an output member (12; 112) rotatable about a first axis of rotation (x;),

a first actuator device (14) arranged to generate a rotary motion about said first axis
of rotation (x),

an input member (16; 116) arranged to be driven in rotation by said first actuator
device (14; 114) about said first axis of rotation (x;),

elastic means (20, 64; 120) disposed between the input member (16; 116) and the
output member (12; 112) and configured in such a manner that the transmission of the
torque between the input member (16; 116) and the output member (12; 112) takes place
via said elastic means (20, 64; 120), and

a second actuator device (22; 122) arranged to change the stiffness of the rotary
joint (10; 110),
the rotary joint (10; 110) being characterized

~ in that it further comprises an intermediate member (18; 118) which is hinged (44;

168) at an end thereof to the output member (12; 112) so as to rotate relative to this latter
about a second axis of rotation (x,) parallel to said first axis of rotation (x,), abuts at its op-
posite end against said elastic means (20, 64; 120) and is hinged (46; 150), in an intermedi-
ate point thereof between the hinge point (44; 168) at which it is hinged to the output
member (12; 112) and the point of application of the elastic force generated by said elastic
means (20, 64; 120), to the input member (16; 116) so as to rotate relative to this latter
about a third axis of rotation (x3) parallel to said first axis of rotation (x;), whereby the
transmission of the torque between the input member (16; 116) and the output member (12;
112) takes place via the intermediate member (18; 118), and

in that said second actuator device (22; 122) is arranged to change the position of
the hinge point at which the intermediate member (18; 118) is hinged to the input member
(16; 116) so as to change the distance between the second axis of rotation (x;) and the third

axis of rotation (x3).

2. Rotary joint according to claim 1, wherein the intermediate member (18; 118) is

configured as a lever extending in a plane perpendicular to said second axis of rotation (x;)
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and has a slit (62; 162) extending along a longitudinal axis (y,; y) which is perpendicular to
and passes through said second axis of rotation (x,), and wherein the intermediate member
(18; 118) is hinged to the input member (16; 116) by means of a hinge pin (46; 150) which
slidably engages in said slit (62; 162).

3. Rotary joint according to claim 2, wherein the intermediate member (18) has a cam-
shaped lateral surface and wherein said elastic means (20, 64) comprise a pair of idle roll-
ers (64) placed on opposite sides of a plane passing through said second axis of rotation
(x2) and through said longitudinal axis (y;) and a pair of elastic elements (20) each ar-
ranged to urge a respective roller (64) against the lateral surface of the intermediate mem-
ber (18).

4. Rotary joint according to claim 3, wherein the elastic elements (20) are configured
in such a manner that the elastic forces they apply on the intermediate member (18)
through the rollers (64) are directed along the same direction which is perpendicular to said
longitudinal axis (y2), passes through said first axis of rotation (x;) and is perpendicular to

this latter.

5. Rotary joint according to claim 3 or claim 4, wherein the elastic elements (20) abut
each at the one end against the respective roller (64) and at the opposite end against a re-

spective abutment element of the input member (16).

6. Rotary joint according to any of claims 3 to 5, wherein said elastic elements (20)

are cylindrical helical springs.

7. Rotary joint according to any of claims 2 to 6, wherein said second actuator device
(22; 122) comprises a motor (48; 146) arranged to generate a rotary motion and a motion
conversion mechanism (50; 148) arranged to convert the rotary motion generated by said
motor (48; 146) into a translational motion of the hinge pin (46; 150) along an axis of
translation (y;; y) perpendicular to and passing through said first axis of rotation (x;), and
wherein said motor (48; 146) and said motion conversion mechanism (50; 148) are carried

by the input member (16; 116) so as to be drivingly connected for rotation with this latter.
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8. Rotary joint according to claim 7, wherein said motion conversion mechanism (50)
comprises a pinion (52) arranged to be driven in rotation by said motor (48) in either direc-
tion and a rack (54) permanently meshing with the pinion (52) to be driven in translation
by this latter in either direction along said axis of translation (y;), and wherein the hinge
pin (46) is carried by the rack (54) so as to be drivingly connected for translation with this

latter.

9. Rotary joint according to claims 4 and 8, wherein the pinion (52) is mounted so as
to rotate about an axis parallel to the direction along which the elastic elements (20) act on

the intermediate member (18) through the rollers (64).

10.  Rotary joint according to claim 7, wherein said motion conversion mechanism
(148) comprises an endless screw (152) and a nut screw (154) cooperating with the endless
screw (152) to be moved along said direction of translation (y), and wherein the hinge pin
(150) is carried by the nut screw (154) so as to be drivingly connected for translation with

this latter.

11.  Rotary joint according to claim 1 or claim 2, wherein said elastic means (120) com-
prise a pair of cylindrical helical springs which are wound about respective pins (170)
fixed to the output member (112) and have their axes oriented parallel to said first axis of

rotation (X1).

12.  Rotary joint according to claim 11, wherein the intermediate member (118) is pro-
vided, at its end facing towards the springs (120), with a pair of rollers (164) which are ro-
tatably mounted each about a respective axis of rotation parallel to said first axis of rota-

tion (x) and abut each against a radial end arm (166) of the respective spring (120).
13.  Rotary joint according to claim 12, wherein the rollers (164) are arranged so that
their points of contact with the radial end arms (166) of the springs (120) are disposed on a

straight line passing through said first axis of rotation (x1).

14.  Rotary joint according to any of the preceding claims, wherein said first actuator
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device (14; 114) comprises a rotary electric motor.
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