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Description
FIELD OF THE INVENTION

[0001] The present invention relates to the field of re-
motely actuated mechanisms and devices for use in sur-
gical procedures within the abdominal cavity, using re-
duced incisions in the abdominal wall.

BACKGROUND OF THE INVENTION

[0002] A major progress in abdominal surgery has oc-
curred during the last decades with the introduction of
laparoscopic and minimally invasive techniques. These
innovative procedures focused much attention due to
their several advantages: smaller abdominal incisions
needed, resulting in faster recovery of the patient, im-
proved cosmetics, and shorter stay in the hospital. The
safety, efficiency and cost-effectiveness of laparoscopic
surgery have subsequently been demonstrated in clinical
trials for many routine abdominal operations. However,
from the surgeon’s point of view, there are still many dif-
ficulties in learning and performing such procedures with
current laparoscopic equipment, which is non-ergonom-
ic, non-intuitive and missing in adequate stiffness, preci-
sion and force feedback.

[0003] In order to overcome the disadvantages of tra-
ditional minimally invasive surgery (MIS), robot technol-
ogy has been introduced into the operation room. Al-
though a wide range of diagnostic and therapeutic robotic
devices have been developed, the only commercial sys-
tems that have already been used in human surgery are
the da Vinci System, by Intuitive Surgical, [Guthart2000],
and ZEUS, by Computer Motion. Following the fusion
between the two companies, the ZEUS robot is no longer
produced. The major advantages of these robotic sys-
tems are related with the additional degrees of freedom
available to the surgeon that allows more complex move-
ments in a limited space, with an increased stiffness. This
increased mobility and stiffness has led to short learning
curves even for non-laparoscopic surgeons. A major dis-
advantage of these systems is the high cost of acquisition
and maintenance which are actually not affordable for
the majority of surgical departments worldwide. compet-
ing for precious space within the operating room envi-
ronment and significantly increasing preparation time.
Access to the patient is thus impaired and this raises
safety concerns. In addition, although robotic systems
offer excellent vision and precise tissue manipulation
within a defined area, they are limited in operations in-
volving more than one quadrant of the abdomen. Since
many gastrointestinal operations involve operating in at
least two abdominal quadrants, the repeated disconnec-
tion and movement of the robots increase significantly
the duration of the surgical procedure.

[0004] Despite various existing interesting systems
and after several years of surgical instrumentation re-
search, surgical robotics is still only at the very beginning
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of a very promising large scale development. One of the
major open drawbacks is related to the fact that current
robotic instruments are still too bulky and have insuffi-
cient dexterity for complex surgical procedures.

[0005] Further weaknesses of these systems are re-
lated with the stiffness, precision and payload capacity
of the micro-manipulator units. A large number of con-
ventional and robotic manipulators have been developed
but their size, dexterity, stiffness, precision and payload
capacity are not completely fulfilling the needs for MIS.
In some cases, these insufficiencies lead to increased
operative time or imprecise performance of several sur-
gical tasks.

[0006] US6902560 on which the preamble of claim 1
is based discloses a minimally invasive surgical tool
which operates with three degrees of rotational move-
ment at about 90 deg. pitch. In particular, the surgical
tool employs a roll-pitch-roll configuration in which an
elongate shaftis rotatable in proximalroll, a wrist member
is pivotally mounted on the working end of the elongate
shaft to rotate in pitch, and an end effector is pivotally
mounted on the wrist member to rotate in distal roll
around the wrist axis of the wrist member.

[0007] US2010/160929 discloses a manually operated
surgical instrument comprising a roll joint which utilizes
at least one tendon guide surface to guide the actuator
tendons for distal roll off and on their respective drums
on a central shaft of the roll joint. The tendon guide sur-
face turns the actuator tendon in an axial direction in a
more compact space than might be required for a pair of
pulleys, while using fewer parts with larger features more
easily formed on a small scale.

[0008] US2009/216249 discloses a manipulator which
has a treating portion with an increased degree of free-
dom and has a further simplified structure

[0009] A firstaim of the presentinvention is to improve
the known devices and systems.

[0010] A further aim of the present invention is to pro-
vide a mechanical system, based on a new cable driven
mechanical transmission, able to provide sufficient dex-
terity, stiffness, speed, precision and payload capacity
to actuate multi-DOF (degrees of freedom) micro-manip-
ulators. Besides the possibility of being used in several
articulated surgical instruments and robotic systems for
surgery or other applications involving remote manipu-
lation, it enables the design of a fully mechanical surgical
instrument, which offers the advantages of conventional
laparoscopy (low cost, tactile feedback, high payload ca-
pacity) combined with the advantages of single port sur-
gery (single incision, scarless surgery, navigation
through several quadrants of the abdominal cavity) and
robotic surgery (greater degrees of freedom, short learn-
ing curve, high stiffness, increased intuition).

[0011] The unique design of the proposed system pro-
vides an intuitive user interface to achieve such en-
hanced manoeuvrability, allowing each joint of a teleop-
erated slave system to be driven by controlling the posi-
tion of a mechanically connected master unit.
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[0012] The design and performance specifications of
this system were driven by surgical task requirements
and its use can contribute to increase the performance
of abdominal surgical procedures, increasing their relia-
bility.

[0013] The mechanical design of micro-mechanical
systems can be performed according to many possible
concepts and options, evenifthe kinematical architecture
has already been defined and size and shape specifica-
tions imposed. One of the main issues is related with the
design of a proper actuation and transmission system.
In case of micro-mechanical systems for minimally inva-
sive surgery, and especially for the endoscopic units, this
aspect is crucial because the working space and incision
dimensions are extremely limited and the high dexterity
kinematics and demanding performance constraints are
tough design goals to be pursued, since the micro mech-
anisms should meet highly demanding requirements of
stability, precision, force and speed to effectively perform
a surgical task. Given that, a special effort was placed in
the study and development of a novel mechanical trans-
mission, able to meet all those specified requirements.
[0014] The invention concerns a mechanical teleoper-
ated surgical system for remote manipulation according
to claim 1. Preferred embodiments are disclosed in the
dependent claims.

DETAILED DESCRIPTION OF THE INVENTION

[0015] The presentinvention will be better understood
from the following detailed description and with reference
to the drawings which show:

Figure 1 illustrates two different architectures for re-
mote actuated cable driven systems, a) One actuat-
ed pulley per DOF b) Two actuated pulleys per DOF;

Figure 2 illustrates (a) a Pivot Joint and (b) a Co-
axial Joint;

Figure 3 illustrates a cable rooting along a Pivot Joint,
(a) being a 2D view and (b) being a perspective 3D
view;

Figure 4 illustrates the problem of the cable routing
along a co-axial joint;

Figure 5 further illustrates the problem of the cable
routing along a co-axial joint;

Figure 6 illustrates a Co-axial joint Concept Devel-
opment;

Figure 7 illustrates a Co-axial joint Concept, for a 2-
DOF example;

Figure 8 illustrates a bead chain turning the idler cyl-
inder;
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Figure 9 illustrates a use of two ball bearings to
mount an idler tube;

Figure 10 illustrates a Radial and axial restriction of
the joint idler tubes;

Figure 11 illustrates a bead chain turning the idler
cylinder;

Figure 12 illustrates a 3D Model of a micro-manipu-
lator according to the invention;

Figure 13 illustrates a Kinematic Model of the micro-
manipulator;

Figure 14 illustrates cabling schematics ofthe 7-DOF
micro-manipulator;

Figure 15 illustrates 3D cable layout of the 7-DOF
micro-manipulator;

Figure 16 illustrates component mounting parts;

Figure 17 illustrates radial and axial restriction of the
joint turning distal link;

Figure 18 illustrates the overall composition of a tele-
operated mechanical system according to the inven-
tion;

Figure 19illustrates the external positioning degrees
of freedom;

Figure 20 illustrates the kinematic model of the mi-
cro-manipulators according to the present invention;

Figures 21 and 22 illustrate the insertion procedure
for the micro-manipulators;

Figure 23 illustrates a 3D Model of the endoscopic
unit;

Figure 24 illustrates an overview of the fully mechan-
ical master-slave system;

Figure 25 illustrates a cabling schematics of a sub-
teleoperated system;

Figure 26 illustrates a cabling schematic for the en-
tire teleoperated system according to the presentin-
vention and

Figure 27 illustrates an overview of the entire tele-
operated system with the external positioning mech-
anism.

[0016] In order to actuate the joints of a micro-manip-
ulator for MIS, two basic approaches are possible:



5 EP 2 627 278 B1 6

(1) placing the actuators within the moving links of
the manipulator, or integrating them in the joints di-
rectly, without transmission elements; or

(2) placing the actuators on an external location, out-
side of the patient’s body, having the motion trans-
mitted to each joint by means of a complex mechan-
ical transmission.

[0017] Internal actuation simplifies the mechanical
configuration of the joint, reducing the complexity of the
transmission chain. In particular, it has the great advan-
tage that the motion of the jointis kinematically independ-
ent with respect to other joints. However, the size of the
manipulator links is imposed by the dimension of the ac-
tuators and, due to technological power-to-volume limi-
tations of available robotic actuation, it is quite difficult to
obtain an anthropomorphic kinematics and the required
working performances and dimensions required for an
endoscopic system. Furthermore, the motors occupy a
rather large space inside the robotic structure, making it
difficult to host other elements, like different kind of sen-
sors or internal structural components. Another issue is
that, since the mass of the actuators is concentrated in-
side the manipulator links, the dynamic behaviour of the
system and its response bandwidth are reduced.
[0018] Afurthernegative aspectis related with the rout-
ing of both power and signal cables of the actuators. This
issue is more serious for the actuation of distal joints than
for the proximal ones, since the cables in distal joints
produce a relatively large resistant torque and volume
disturbance on the proximal joints.

[0019] Asaconsequence of allthose above mentioned
disadvantages, the internal actuation of these micro-ma-
nipulators was discarded in favour of a remotely actuated
solution.

[0020] As opposite to internal actuation architectures,
in remote actuation the joints are driven by actuators
placed outside the moving links. It requires a motion
transmission system, which must pass through the joints
between the motor and the actuated joint and may bring
problems of kinematic and dynamic coupling between
the actuated joint and the previous ones.

[0021] According to the type of adopted transmission
elements, remote actuation systems can be classified as
(1) flexible or (2) rigid transmission. This last way of trans-
mission is mainly based on articulated linkages or rolling
conjugated profiles (e.g. gear trains) and although may
guarantee an increased stiffness of the systems, its im-
plementation in miniature and complex multi-DOF mech-
anisms is extremely difficult.

[0022] On the other hand, flexible transmissions are
based on deformable connections that can adapt to var-
iations of configuration by changing the transmission
path. They are based on flexible elements with translating
motion, subject to tension (more frequently) or tension
and compression. Two further subcategories can be
identified: pulley-routed flexible elements (tendons,
chains, belts) or sheath-routed flexible elements.
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[0023] In this case, since it was aimed to develop a
teleoperated mechanism with good force reflection prop-
erties, enabling bilateral force reflection, it was decided
to use pulley-routed flexible elements, cables, with ball
bearing mounted pulleys, in order to reduce the amount
of friction losses along the mechanical transmission.
[0024] Remote cable driven actuation can be applied
according to different types of organization, depending
on the number of actuated pulleys used per joint. In par-
ticular, it is possible to recognize two main actuation ar-
chitectures:

(1) two actuated pulleys per DOF - each one can
generate a controlled motion in one direction only
and the return motion in the opposite direction must
be obtained by an external action, which can be a
passive (e.g., a spring) or an active system (e.g., an
antagonistic actuator); this is the case of tendon-
based transmission systems;

(2) one actuated pulley per DOF - each one can gen-
erate a controlled motion in both directions and can
be used alone to drive the joint. These two architec-
tures are illustrated in Figure 1(a) (one actuated pul-
ley per DOF) and (b) (two actuated pulley per DOF).

[0025] Since the second solution requires a higher
number of components and brings additional complexity
and cost to the mechanical system, the chosen architec-
ture was the one that uses a single actuated pulley per
DOF. In this case, the achievable performances are sim-
ilar in both directions, but particular attention must be
paid to backlash. Usually, it is necessary to preload the
transmission system. Furthermore, the adoption of a
closed loop tendon transmission requires that the overall
length of the tendon route must be kept constant, for all
the possible configurations of the manipulator.

Al=0,vqe Wy

[0026] In spite of this additional complexity, this actu-
ation scheme has been used, for simple applications,
with only a few DOF or low dexterity. However, in a multi-
DOF configuration, with high dexterity, reduced dimen-
sions and high payload requirements, several non solved
problems arrive from the implementation of this kind of
actuation transmission.

[0027] Inthe required kinematic design of high dexter-
ity endoscopic micro-manipulators, two joint configura-
tions may be present, which can be classified as (1) pivot
joints or (2) co-axial joints, both being illustrated in figure
2(a)and (b). The distinction is related to the relative align-
ment of adjoining links. While in the first kind, the angle,
SPd, between the proximal, p, and distal, d, links changes
with the movement of the joint, see Fig. 2 a), in the co-
axial configuration the proximal joint has an axial rotation
movement in relation to the distal one, see Fig. 2 b).
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[0028] The cable routing method utilized for pivot joints
is relatively standard and can be seen in several already
developed solutions. Asiillustrated in figure 3, for this kind
of configurations, the cable 2 is wrapped around a pulley
1, called the "joint idler pulley," which is concentric with
the axis of revolution 3 of the joint. To maintain a constant
cable length, the cable 2 must remain in contact with the
jointidler pulley 1 at all times. In this way, if the joint turns
an angle 9 on the anticlockwise direction, the length of
the superior segment 2’, in contact with the idler pulley,
will increase and the inferior segment 2" will decrease,
by the same value, R 9, guaranteeing the constant length
of the cable closed loop. As said before, each DOF is
actuated by two cables, wrapped around a set of two
pulleys 1, passing through the joint. The multi-DOF case,
with n DOF, would require a stack of 2n pulleys.

[0029] As illustrated in figure 3, the joint in addition
comprises a set of proximal idler pulleys 4 and a set of
distal idler pulleys 5 which guide the cable 2.

[0030] However, for the co-axial joints, the cable rout-
ing is much more complex. Some solutions to avoid this
problem have already been proposed but, to the best of
the inventor’s knowledge, not for such a small dimension
multi-DOF system with such a high dexterity and payload
requirements. The problem consists in having an array
of cables 10 being twisted about a co-axial axis 11, as
shown infigure 4, when the proximal link 12 and the distal
link 13 rotate relatively, with the two 10 cables actuating
the same joint being stretched in the same way, thereby
increasing the total length of the closed loop. Figure 4
alsoillustrates the proximal idler pulleys 14 and the distal
idler pulleys 15.

[0031] Thisstretch ofthe different closed loops of cable
10 generates a resistant rotation moment that might be
critical for multi-DOF systems. Another source of prob-
lems, as seeninfigure 5, is the misalignment of the cables
10inrelation to the idler pulleys 14, identified by the angle
a, caused by this twist, which may cause the disengage-
ment of the cables from the pulleys 14 and the rubbing
of the cables 10, generating friction and wear. These
problems are especially critical on the proximal joints of
the manipulators, due to the high density of cables that
actuate the distal joints.

[0032] In some applications of micro cable driven ma-
nipulators for MIS (minimally invasive surgery), this dif-
ficulty is minimised due to the low complexity (low number
ofinternal DOF) of the system and the large ratio between
the length of the instrument shaft, h, and the distance
between the joint axis and the cables, d. In this way, the
misalignment of the cables in relation to the idle pulleys
is almost negligible and the change in length of the cables
is small, generating a very small resistant rotation mo-
ment. In the present case however, due to the high
number of internal DOF and the anthropomorphic kine-
matic configuration, this solution may not be applied.
[0033] The developed solution for the present inven-
tion is based on the concept shown in figure 3, which is
adapted to be suitable for co-axial joints. More specifi-
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cally, the configuration is similar but the two set of prox-
imal and distal idler pulleys are separated by a joint idler
pulley to allow the cables, belonging to the same closed
loop, to be wrapped around the joint idler pulley, which
is now in a perpendicular configuration (rather than a
parallel one as illustrated in the embodiment of figure 3),
aligned with the axis of the joint.

[0034] This configuration according to the present in-
vention is illustrated in figure 6. In this configuration, the
crossing and rubbing of the two cables is evident (see
the drawing on the left in figure 6) and the way to avoid
it resides in dividing the single primitive closed loop in
two (as illustrated in the drawing on the right in figure 6).
By doing this, the single closed loop is divided in two new
closed loops, whose relative motion is now transmitted
through an axial idler pulley (or tube) see figure 6.
[0035] More specifically, figure 6 shows (ontheleft side
drawing) a first intermediate configuration derived from
figure 3. In this first intermediate configuration, the cable
20 passes a first proximal idler pulley 21, then over the
joint idler pulley 22 (or joint idler tube), a first distal idler
pulley 23, goes to the tool to be controlled and comes
back to a second distal idler pulley 24, crosses over the
jointidler pulley 22 and finally passes a second proximal
idler pulley 25. As one can easily see on the drawing of
the right side of figure 6, the cable 20 crosses over the
joint idler pulley 22 which renders this configuration un-
suitable for the intended applications. To overcome this
problem, the solution is illustrated in the drawing on the
left side of figure 6. Specifically, in this configuration, the
cable 20 is divided into two loops 20’ and 20" which are
separated.

[0036] The firstloop 20’ passes the first idler pulley 21
the over the joint idler pulley and back over the second
proximal idler pulley 25. The second loop 20" passes the
second distal idler pulley 24, then over the joint idler pul-
ley 22 and then over the firstidler pulley 23. Accordingly,
the motion of the first cable loop 20’ may be then trans-
mitted to the second cable loop 20" via the joint idler
pulley 22.

[0037] As an extension of this concept, to be able to
form a multi-DOF system, the joint according to the
present invention will be composed by several co-axial
idler tubes/pulleys corresponding to the pulley 22 of fig-
ure 6, with different lengths and different diameters, al-
lowing the hosting of the different sets of proximal and
distalidler pulleys for the different closed loops actuating
the different joints. Figure 7 illustrates the basic principle
of this extension. For example, one sees in the figure the
system asillustrated in figure 6 (drawing on the right side)
and described above (cables 20’, 20", pulleys 21, 23, 24
and joint idler tube 22) and there is accordingly a second
similar system for the second DOF. Specifically, basically
the second system is similar to the first one with two cable
loops 30, 30", proximal idler pulleys 31, 35, distal idler
pulleys 33, 34 and a joint idler tube/pulley 32. This pulley
32 has a smaller diameter than the pulley 22 and is con-
centrical with this pulley 22, aligned along the same axis
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11 (the joint axis).

[0038] Accordingly, this allows to have two independ-
ent actuating systems in the same joint, and the principle
may be extended further in order to add additional DOF,
the principle being to add the concentrical joint idler
tubes/pulleys.

[0039] Systems with several stages of endless cables
have been used in several mechanical systems where,
in order to ensure enough friction to transmit the motion
between consecutive closed loops, timing belts have
been frequently used. However, for this specific solution,
they are not a suitable choice. The main problem is re-
lated to the fact that, although timing belts might be used
in out-of-plane configurations, in this reduced dimen-
sions application, since the out-of-plane idler pulleys are
too close to each other, this kind of configurations are
not feasible.

[0040] A standard cable could be a solution. However,
the friction generated by the cable in contact with the idle
pulley and/or tube, for any pair of materials, wouldn’t be
sufficient and the wear would be excessive. The cable
could also be wrapped several times around it, with an
exponentially increased friction, but it would promote an
unacceptable axial movement of the idler pulley.

[0041] Since in this configuration the motion transmis-
sion can only be made through half a turn of contact of
cable around the joint idler tube/pulley, the friction in the
contact is maximized by a specially developed bead
chain, which is illustrated in figure 8. It is composed by
a continuous stiff rope 36 (corresponding to the cables
20, 20", 30’, 30" described above) with several spherical
beads 37, placed with constant pitch, in the segments of
the cable that may be in contact with the joint idler tube
22, 32 as described with reference to figures 6 and 7
above. The bending flexibility, axial symmetry, strength
and compactness of this bead chain make it suitable for
this application, where high load resistance, no slipping,
low volume and right-angle driving are major require-
ments.

[0042] Wire ropes or cables are available in a variety
of strengths, constructions, and coatings. Although cable
strength generally increases with diameter, the effective
minimum bend radius is decreased. Cable compliance,
cost, and construction stretch generally increases with
strand count.

[0043] During operation, the cable runs in a grooved
surface 38, placed on the extremities of the idler tubes
22, 32 and the beads seat in sprocket indentations 39,
where the shear force is generated.

[0044] As was already explained in the previous sec-
tion, in a multi-DOF configuration, the primitive closed
loop is divided in two new closed loops, whose motion in
transmitted through the axial idler tube 22, 32, which
should be able to rotate independently from other con-
centrical idler tubes/pulleys which are present in accord-
ance with the embodiment illustrated in figure 7, while
keeping its fixed axial position. This could be achieved
for example by the use of two internal radial ball bearings
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40, in a standard configuration, as shown in figure 9
where the joint idler tubes/pulleys 22, 32 correspond to
the one described above.

[0045] However,in a multi-DOF system, the space gap
between the concentric joint idler tubes 22, 32 is not
enough to place two ball bearings for each idler tube and
so, several (for example preferably six) miniature exter-
nal ball bearings may be used to guarantee the concen-
tricity of each idler tube. Specifically, one uses six exter-
nal bearings per joint idler tube/pulley 22, 32 to ensure
a correct and stable positioning. The axial movement is
constrained by the contact of two radial flanges with the
six bearings as illustrated in figure 10.

[0046] More specifically, drawing (a) in figure 10 illus-
trates an axial view of the arrangement of bearings 41,
42 on the joint idler tube/pulley 22, 32. Drawing (b) in
figure 10 illustrates a front view of the joint arrangement
with the bearings 41, 42 and flanges 43 used to block
the lateral motion of the bearings. Drawing (c) in figure
10 illustrates a cut and perspective view of the joint ar-
rangement as described.

[0047] Foranapplication example with two transmitted
degrees of freedom, the layout of the joint using the prin-
ciples of the present invention described above will look
like the one shown in figure 11. More specifically, this
embodiment corresponds to the one illustrated in figure
7, using the cable 36 with beads 37 and the joint idler
tube 22, 32 of figure 8 with the grooved surface 38, placed
on the extremities of the idler tube 22, 32 and the beads
seat in sprocket indentations 39. Accordingly, numerical
references used in said previous figures apply here to
corresponding elements as well as the description.
[0048] Making use of the transmission concept previ-
ously proposed, the design of several novel mechanical
surgical instruments can be implemented. The main
goals of these platforms are:

(1) to provide high dexterity within the abdominal
cavity,

(2) to provide enough precision and stiffness, ena-
bling the performance of accurate surgical proce-
dures,

(3) to have reduced dimensions and

(4) to have low inertia and friction, allowing good
force reflecting properties, increasing the transpar-
ency of the teleoperated mechanical system.

[0049] As an example of application, figure 12 shows
the overall composition of a mechanical system such as
a manipulator, which is able to provide the desired dex-
terity to the performance of complicated surgical proce-
dures, like pulling and cutting tissue or eventually sutur-
ing. This manipulator has high dexterity, high payload
capacity, stiffness and precision, with seven degrees of
freedom (six to orientate and to move the distal gripper,
i.e. DOF1 to DOF6,and one degree of freedom, DOF7,
to actuate the gripper 50). In order to be as intuitive to
control as possible, the degrees of freedom are designed
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with an anthropomorphic kinematics, resembling a sim-
plified human arm.

[0050] Achieving a kinematic model that matches the
one of the human arm is a challenging task, especially
in cable-driven devices, where the cables must be routed
through joint axes while maintaining constant cable
length.

[0051] Anthropomorphic joint approximations can be
modelled at varying degrees of accuracy and complexity.
The level of complexity needed for a suitable represen-
tation depends highly on the desired tasks to be per-
formed. For this specific system, since it is aimed to con-
trol the position and orientation of the end-effector in the
3D space, the movement of each anthropomorphic mi-
cro-manipulator is achieved through the articulation of
six single-axis revolute joints plus the gripper 50 actua-
tion.

[0052] The manipulator degrees of freedom are la-
belled from J1to J7 (as DOF1 to DOF7 illustrated in figure
12), from the proximal to the distal joint, in the order
shown in figure 13.

[0053] The shoulder abduction-adduction and flexion-
extension are then modelled as a composition of two in-
tersecting axes, J; and J,. The elbow flexion-extension
is modelled by a single axis parallel to the second shoul-
der axis, J3. Forearm prono-supination takes place be-
tween the elbow and wrist joints as it does in the physi-
ological mechanism, J,, while two orthogonal joints, Js
and Jg, represent the wrist flexion-extension and radial-
ulnar deviation. The offset between Jz and Jg is due to
the physical limitation of having two cable actuated joints
with intersecting axis. Finally, the gripper actuation is rep-
resented by J; and is a result of the actuation of both
gripper blades about the same axis.

[0054] The resultant kinematics is identical to the El-
bow Manipulator, which is considered to be the optimal
kinematics for a general 6-DOF revolute joint manipula-
tor.

[0055] Asillustratedin Fig. 13, joints J; and J, are mod-
elled as co-axial joints, and joints J,, J3, J5, Jg and J; are
pivot joints.

[0056] The cabling topology of the entire manipulator
using the principle of the present invention is schemati-
cally shown in figure 14 which uses the above description
of configurations of pivotjoints and co-axial joints accord-
ingtothe presentinvention. The design of the mechanism
is such that the closed cable loop systems which control
each degree of freedom are moved by the same actuated
driven pulley placed in the external part of the body.
[0057] Pulleys M4-M; actuate joints J4-J; through a set
of cable loops, L4-L;, that, depending of the degree of
freedom, can have one, two or three stages, separated
by the loop break lines, LB and LB,. A single cable loop
runs about multiple idler pulleys, which are placed in prox-
imal and distal positions from the driven pulleys and joint
idler tubes.

[0058] Since each idler pulley is mounted on a ball
bearing, in all the closed loops, with the exception of Lg
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and L, the cables are perfectly aligned with the idler
pulleys, idler tubes and driven pulleys. In this way, the
idler pulleys don’t suffer any torque, which cause them
to tilt about an axis orthogonal to the pulley shaft. Since
the single pulley bearings are not designed to handle
moments, tilting the pulley forces it to rub on its neigh-
boring pulley, creating additional friction. Also, the bear-
ings themselves are not meant to run tilted, which can
create even more friction.

[0059] Cable loop L4 is composed by a single loop
stage, L,4. Starting from the actuated pulley M4, L4 en-
gages directly the driven pulley P4, passing by two prox-
imalidler pulleys of joint J, and returns back to M4, where
both terminations are fixed.

[0060] Cable loop L, is composed by two loop stages,
L,4 and Ly,. Starting from the actuated pulley My, Ly,
engages the idler tube (i.e. the joint idler tube/pulley de-
fined above) IT,4, passing by two proximal idler pulleys
of J4, and returns back to M,, where both terminations
arefixed. From IT,4, Ly, passes by two distal idler pulleys
of J; and engages the driven pulley P,, where both ter-
minations are fixed.

[0061] Cable loop L5 is composed by two loop stages,
Ls4 and Lg,. Starting from the actuated pulley M5, Ls,
engages the idler tube (i.e. the joint idler tube/pulley de-
fined above) IT34, passing by two proximal idler pulleys
of J4, and returns back to M5, where both terminations
are fixed. From T34, L3, passes by the two distal idler
pulleys of J,, by the idler pulleys (proximal, joint and dis-
tal) of J, and engages the driven pulley P5, where both
terminations are fixed.

[0062] Cable loop L, is composed by two loop stages,
L4¢ and L4,. Starting from the actuated pulley My, Lyq
engages the idler tube (i.e. the joint idler tube/pulley de-
fined above) IT 44, passing by two proximal idler pulleys
of J4, and returns back to My, where both terminations
are fixed. From IT44, L4y passes by the two distal idler
pulleys of J4, by the idler pulleys (proximal, joint and dis-
tal) of J, and J5 and engages the driven pulley P4, where
both terminations are fixed.

[0063] CableloopLsis composed by threeloop stages,
Ls4, Lsy and Lgs. Starting from the actuated pulley Mg,
Ls4 engages the idler tube (i.e. the joint idler tube/pulley
defined above) ITg¢, passing by the two proximal idler
pulleys of J4, and returns back to M5, where both termi-
nations are fixed. From idler tube ITg4, Lgy, which is an
endless closed loop cable stage, passes by the two distal
idler pulleys of J,, by the idler pulleys (proximal, joint and
distal) of J, and J; and engages the idler tube IT5,. From
idler tube IT5,, L5 passes by the two distal idler pulleys
of J4 and engages the driven pulley P5, where both ter-
minations are fixed.

[0064] For each one of the degrees of freedom Jg and
J;, the cable loops Lg and L; have a single stage, Lg, and
L;4. They run from the actuated pulleys Mg and M- until
the distal driven pulleys, Pg and P, passing through the
idler pulleys of all the proximal pivot joints of the micro-
manipulator. On the other hand, when passing by the co-
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axial joints J4 and J,, they are not passing through idler
pulleys and are twisted around the joint axis. However,
due to extensive length of the loops, between the actu-
ated and driven pulleys, and the short distance between
the cables and the axis of rotation, the resulting stretch
of the cables is slight, so that the resulting resistance to
rotational motion is almost negligible. The resultant mis-
alignment between the cables and the idler pulleys is
also within reasonable limits, avoiding the cables to jump
out of their path. This twisting of the cables, however,
limitthe rotation of the instrument shaftto =180°, at which
point the cables will rub on each other, creating friction
and wear.

[0065] It is important also to note that, since the most
demanding force constraint is on the gripping joints, Lg
and L, are running in an opposite phase thru the proximal
joint idler pulleys, where both coupling torques are can-
celed.

[0066] The references A, to A5 identify the successive
joint axis.

[0067] Figure 15 shows a 3D layout of the cabling for
each 7-DOF endoscopic micro-manipulator, related to
the cabling schematics described before with the joints
of figure 13.

[0068] To hold in the 3D space all the components of
the cabling scheme, like idler pulleys, ball bearings, and
positioning pins and screws, special parts were devel-
oped, guaranteeing the perfect positioning and support
of all the joint components and allowing the routing of the
different cables, considering the complex design of figure
15. Special attention was paid to the assembly precision
of the mechanism. Since each idler tube is radial and
axially positioned by six external miniature bearings
(three on each extremity) as described here above with
reference to figures 10 and 11, their precise positioning
is guaranteed by mounting them on a unique base part
50, 50’, schematically illustrated in figure 16, whose pro-
duction process, for example by CNC milling machining,
ensures extremely fine tolerances. Both the proximal and
distal links of a coaxial joint have a set of base parts 50,
50’, which are fixed together by miniature screws, having
their alignment guaranteed by positioning pins. In figure
16, the left side drawing shows the assembled joint as
described above previously and the right side drawing
shows the joint in the base parts 50, 50’, in a mounted
state.

[0069] As explained before, the distal link has an axial
rotation movement in relation to the proximal one. Due
to the lack of space, this axial rotation and the linear axial
movement constraints are guaranteed by six additional
miniature ball bearings 51, which are fixed to the distal
set of base parts, in a configuration similar to the one
used for the idler tubes, as illustrated in figure 17. In this
way, the miniature ball bearings are in direct contact with
an external proximal tube 52, which is fixed to the prox-
imal set of base parts, enabling the precise rotation of
the distal set of base parts in relation to the proximal set
of parts. The top drawing of figure 17 illustrates the joint
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of figure 16 in top view with a proximal link and a turning
distal link, the bottom left drawing illustrates the external
bearings 51 on the joint and the bottom right drawing
illustrates a cut view of the joint in a tube 52.

[0070] In another aspect, the present invention relates
to a mechanical system using the cable transmission de-
scribed herein to form a teleoperated mechanical device
as will be described in detail now.

[0071] Figure 18 gives an overview of the endoscopic
unit, with two micro manipulators, whose design details
were explained previously, placed in an anthropomorphic
and teleoperated configuration.

Specifically, figure 18 illustrates the overall composition
of this system which has a total of 14 degrees of freedom
(excluding a possible camera system) with a master M,
an insertion tube IT for insertion in the patientand a slave
S, comprising the micromanipulators which used the ca-
bled system described above.

[0072] This Surgical Platform can be divided in three
major subsystems, which are designed to work together,
achieving a force reflecting teleoperation. The first one
is a 14 degree of freedom micro unit comprising two mi-
cro-manipulators, the mechanical slave S, with an an-
thropomorphic kinematics, equipped with an endoscopic
camera system, providing triangulation and intuitive
hand-eye coordination.

[0073] The shaft S which passes into the patient's P
body incision is denominated insertion tube, IT, and not
only brings the cable driven mechanical transmission
from the exterior but also provides the stable fixation and
movement of the slave S unit within the abdominal cavity,
see figure 19 that illustrates the external positioning de-
grees of freedom on the insertion tube IT and the slave
S inside the patient P.

[0074] The 3th subsystem comprises a mechanical
master interface M, which is directly connected to the
slave S through the fully mechanical cable driven trans-
mission, in such a way that a surgeon’s hand movements
are reproduced in the slave’s tip movements. In this way,
the two handles of the master unitassume the same spa-
tial orientation and relative position as the slave tips.
[0075] As compared with conventional endoscopic in-
struments, this mechanical manipulator improves the er-
gonomics for the surgeon, enabling a positioning of
his/her hands in a natural orientation to each other, pro-
viding improved eye-hand coordination, intuitive manip-
ulation, and an ergonomic posture.

[0076] Furthermore, to optimize the manipulation per-
formances, a surgeon has only to control the movements
of the instrument tips, without having the need to hold
the insertion tube IT in its desired position within the ab-
dominal cavity. Then, the insertion tube IT should be con-
nected to an external positioning mechanism, linked to
afixed external reference (like ground, surgical bed, etc),
which should provide the required 4 DOF, see figure 19,
to fix and move the endoscopic subsystem inside the
body of a patient P. To optimize force transmission and
force feedback, the manipulators composing the master-
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slave system are designed to have light weight, low in-
ertia, high stiffness and low friction in the joints and me-
chanical transmission. Finally, the endoscopic unit of the
system, which enters the patient’'s body, is completely
bio-compatible and might be able to be decoupled from
the manipulators and sterilized.

[0077] In order to provide the desired mobility needed
to perform complicated surgical procedures, like pulling
and cutting tissue or eventually suturing, the internal
DOFs are given by the two endoscopic micro-manipula-
tors 60, 61, which exhibit high dexterity, high payload
capacity, stiffness and precision inside the patient’s body.
In order to be as intuitive to control as possible, the de-
grees of freedom are designed to resemble a simplified
human arm. The stereoscopic camera will be located be-
tween the two manipulators 60, 61, providing eye-ma-
nipulator alignment similar to human eye-hand align-
ment, and thus enhancing the telepresence and intuitive-
ness of the system. This aims to give the impression to
the surgeon that he/she is operating inside the patient’s
body with his/her own two hands.

[0078] Anthropomorphic joint approximations can be
modelled at varying degrees of accuracy and complexity.
The level of complexity needed for a suitable represen-
tation depends highly on the desired tasks to be per-
formed. For this specific system, since we aim to control
the position and orientation of the end-effector in the 3D
space, the movement of each anthropomorphic micro-
manipulator 60, 61 is achieved through the articulation
of six single-axis revolute joints plus the gripper.

[0079] The manipulator 60 degrees of freedom are la-
belled from 1 to 7, from the proximal to the distal joint, in
the order shown in figure 20 which corresponds to figure
13 above and its description applies correspondingly.
[0080] The shoulder abduction-adduction and flexion-
extension are then modelled as a composition of two in-
tersecting axes, J1 and J2. The elbow flexion-extension
is modelled by a single axis parallel to the second shoul-
der axis, J3. Forearm prono-supination takes place be-
tween the elbow and wrist joints as it does in the physi-
ological mechanism, J4, while two orthogonal joints, J5
and J6, represent the wrist flexion-extension and radial-
ulnar deviation. The offset between J5 and J6 is due to
the physical limitation of having two cable actuated joints
with intersecting axis. Finally, the gripper actuation is rep-
resented by J7 and is a result of the actuation of both
gripper blades about the same axis.

The resultant kinematics is identical to the Elbow Manip-
ulator, which is considered to be the optimal kinematics
for a general 6-DOF revolute joint manipulator.

[0081] To allow the insertion of the endoscopic micro-
manipulators 60, 61 inside the abdominal cavity, they are
first set to a strait position, aligned with the insertion tube
IT axis, and then, after being inserted inside the patient’s
body, they are finally rotated to their anthropomorphic
working configuration, this process being illustrated in
figure 21.

[0082] Inthisway, the available cross section diameter
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for each arm manipulator is maximized, for the same in-
sertion tube IT diameter, specially compared with solu-
tions where both arm manipulators are inserted at the
same time, in a parallel configuration, as shown in figure
22. With this configuration, the micro-manipulators diam-
eter can be doubled and their cross section magnified 4
times, enabling a significant increasing in the achieved
stiffness of the system.

[0083] Figure 23 represents a 3D Model of the endo-
scopic unit60, 61 which uses the principles of the present
invention as described above with cable transmission
and degrees of freedom (J1-J7, see the above descrip-
tion).

[0084] Toreproduce the movements of surgeon’s both
hands to the corresponding movements at the instrument
grippers a fully mechanical master-slave is used, making
use of the novel cable driven transmission described be-
fore. An overview of the master-slave system is shown
in Fig.24 comprising the master M, the insertion tube IT
and the slave S, this typically comprising the endoscopic
unit illustrated in figure 23 and preceding figures, as de-
scribed herein.

[0085] The system comprises two sub-teleoperated
systems working in parallel. In each one of those sys-
tems, an endoscopic micro-manipulator, whose design
details were explained above, is mechanically connected
to another cable driven manipulator, with exactly the
same transmission layout, in such a way that, when one
of the systems is moved, the other one has a correspond-
ing movement. In other words, the joint spaces of both
systems are equivalent:

v Mge Wu, N Mg e W,

[0086] This feature can be achieved by directly con-
necting both master and slave actuated pulleys for each
degree of freedom, MM; and SM,, as shown on Fig 25
which illustrates the cabling schematics of the system.
This is similar to the system described above in relation
to figure 14 and its description applies correspondingly.
Indeed, in figure 25, the same system is illustrated but
only doubled to consider both "arms" of the manipulators
60, 61.

[0087] The cabling schematic for the entire teleoper-
ated systemis then represented in Fig. 26. It corresponds
to the system of figure 25 which is doubled (one for the
slave S and one for the master apply correspondingly
here since the overall system works in an identical way.
[0088] With this teleoperated system, the ergonomics
of the surgeon is visibly improved. He does not have to
stand up with his hands in a non ergonomic position,
does not have to manipulate long endoscopic instru-
ments with only 4 DOFs and does not have to adapt to
the mirroring effect due to the incision in the patient’s
body. The surgeon can sit comfortably on a chair, with
supported elbows, and with his hands positioned in a
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natural orientation to each other. Placing the endoscopic
camera between the two micro-manipulators, aligned
with the insertion tube, together with a properly placed
of output screen, the surgeon also will be able to manip-
ulate his own viewing direction.

[0089] In order to be placed, fixed and moved within
the abdominal cavity, the teleoperated system (master
M, insertion tube IT and slave S) supported by an external
positioning manipulator 100 (see figure 27), which is fixed
relatively to an operating table 101, able to provide ex-
ternal degrees of freedom to the endoscopic micro-ma-
nipulators, in such a way that they can be inserted, po-
sitioned and moved within the abdominal cavity of a pa-
tient.

[0090] Although the presentinvention has been exem-
plified by an application on a micro-mechanism for per-
forming minimally invasive surgical procedures, it may
also be used for other forms of endoscopic surgery as
well as open surgery and also in other devices, not limited
to medical applications.

[0091] The present mechanical system could also be
employed for any suitable remote actuated application
requiring a dexterous manipulator with high stiffness and
quality force feedback. It can be applied in system with
different sizes and different kinds of remote actuations,
from manual to computer controlled control.

[0092] Moreover, while this invention has been partic-
ularly shown and described with references to preferred
embodiments thereof, it will be understood by those
skilled in the art that various changes in form and details
may be made therein without departing from the scope
of the invention as defined by the appended claims, for
example by way of equivalent means. Also the different
embodiments disclosed may be combined together ac-
cording to circumstances
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Claims

A mechanical teleoperated surgical system for re-
mote manipulation comprising:

- a plurality of movable links;

- a plurality of actuable joints (J4, Jo, J3, Jg, Js.
Jg, J7) comprising pivot joints (J,, J3, Js, Jg, J7)
and at least one co-axial joint (J4, J4) placed be-
tween the movable links, in a serial, parallel or
hybrid configuration;

- a plurality of driven pulleys (P, P3, Ps, Pg, P7),
each being mounted coaxially with the axis (A,,
Az, As, Ag, A7) of respective pivot joint (J,, Js3,
Js, Jg, J7), wherein each one of said plurality of
driven pulleys (P,, P53, P5, Pg, P) is adapted for
actuating one degree of freedom of the mechan-
ical teleoperated surgical system;

- a plurality of driving pulleys (M4, My, M3, My,
Ms, Mg, M;) located outside a patient’s body
when the mechanical teleoperated surgical sys-
tem is operating, and

- a cable driven mechanical transmission (L)
comprising a plurality of closed-loop driving ca-
bles (L4, Ly, L3, Ly, Ls, Lg, L7 ; 207, 20", 30’ 30"),
each closed-loop driving cable being configured
to couple a driving pulley with a corresponding
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1"

driven pulley characterized in that the mechan-
ical teleoperated surgical system comprises:

- one tube (22, 32) per degree of freedom which
are concentrically mounted together to be rotat-
able along the axis of said at least one co-axial
joint (J4, J4), wherein

each tube (22, 32) is actuated in rotation by one
of said plurality of closed-loop driving cables (L4,
Ly, Ls, Ly, Lg, Lg, Ly 5 207, 20", 30° 30"), and

- two proximal pulleys (31, 35) and two distal
pulleys (33, 34) which are mounted on the prox-
imal, respectively the distal side of each tube
(22, 32) to guide the corresponding cable.

The mechanical teleoperated surgical system of
claim 1, wherein each tube (22, 32) is axially posi-
tioned by means of a set of external ball bearings
(41, 42) mounted inside a support tube (52).

The mechanical teleoperated surgical system of
claim 1 or 2, wherein each closed-loop driving cable
(36) mounted for actuating in rotation their respective
tube (22, 32) comprises several spherical or other
axisymmetric elements (37) spaced by a constant
pitch, along the segments of the cable (36) that con-
tact said tubes (22, 32).

The mechanical teleoperated surgical system of
claim 3, wherein each of said tubes (22, 32) com-
prises a groove (38) to receive the segments of the
cable (36) and recesses (39) arranged along said
groove (38) and spaced by a corresponding constant
pitch to receive said spherical or other axisymmetric
elements (37) increasing the transmitted force.

The mechanical teleoperated surgical system of any
one of the preceding claims, further comprising:

a rigid support tube (IT), having two extremities,
a distal one, which is inside the patient’'s body
during the surgical procedure, and a proximal
one, which is located outside the patient’s body;
a slave articulated unit (S) coupled to the distal
extremity of said support tube (IT), said slave
unit (S) comprising two serial manipulators (60,
61) which are both connected to a proximal
shoulder component, wherein said proximal
shoulder component is coupled to said distal ex-
tremity of the support tube (IT) by a rotational
joint whose axis is perpendicular to the longitu-
dinal axis of the support tube (IT), each manip-
ulator (60, 61) comprising said plurality of actu-
able joints (J4, Jo, J3, Jy, J5, Jg, J7) @nd respec-
tive driven pulleys (P,, P53, Ps, Pg, P7), and a
distal griping end-effector element (50); and

a master articulated unit (M), coupled to the
proximal extremity of said support tube (IT), said
master unit (M) comprising two serial manipula-
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tors, each one having a plurality of linkages and
joints and a distal input handle, with exactly the
same kinematics and cable transmission topol-
ogy of said slave manipulators, wherein input
commands from an operator cause the move-
ment of said slave’s end-effectors according to
said input commands;

wherein said cable driven mechanical transmis-
sion (L) is mounted inside and along the rigid
support tube to couple said master articulated
unit with said slave articulated unit for emulating
movement of the said master manipulators by
said slave manipulators, wherein each driven
pulley, actuating a certain degree of freedom, of
the said master manipulators is connected to
the driven pulley of the said slave manipulator
actuating the same degree of freedom.

The mechanical teleoperated surgical system of
claim 5, further comprising a stereoscopic image
component mounted at the distal end of said support
tube (IT).

Patentanspriiche

Mechanisches teleoperiertes chirurgisches System
zur Fernmanipulation, umfassend:

- eine Vielzahl von beweglichen Verbindungs-
stlicken;

- eine Vielzahl von betatigbaren Gelenkstiicken
(Jq, Jo, I3, Ja, 5, Jg, J7), die Drehgelenke (J,,
J3, Js, Jg, J7) und zumindest ein zwischen den
beweglichen Verbindungsstiicken angeordne-
tes koaxiales Gelenk (J4,d4) in einer Reihen-,
Parallel- oder Hybridkonfiguration umfassen;

- eine Vielzahl von angetriebenen Riemenschei-
ben (P,, P53, P55, Pg, P7), die jeweils koaxial mit
der Achse (A,, Az, Ag, Ag, A7) des jeweiligen
Drehgelenks (J,, J3, Jg, Jg, J7) verbunden sind,
worin jede der Vielzahl von angetriebenen Rie-
menscheiben (P,, P3, Ps, Pg, P;) zur Betétigung
eines Freiheitsgrads des mechanischen teleo-
perierten chirurgischen Systems ausgelegt ist;
- eine Vielzahl von antreibenden Riemenschei-
ben (M4, My, M3, My, M5, Mg, M5), die aulerhalb
des Korpers eines Patienten angeordnet sind,
wenn sich das mechanische teleoperierte chir-
urgische System im Betrieb befindet,

und

- eine durch Kabel angetriebene mechanische
Kraftiibertragung (L), die eine Vielzahl von An-
triebskabeln mit geschlossenem Kreislauf (L,
L, Ls, Ly, Ls, Lg, L5 207, 20", 30°, 30") umfasst,
wobei jedes Antriebskabel mit geschlossenem
Kreislauf zur Verbindung einer antreibenden
Riemenscheibe mit einer entsprechenden an-
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getriebenen Riemenscheibe ausgelegt ist,
dadurch gekennzeichnet, dass das mechani-
sche teleoperierte chirurgische System Folgen-
des umfasst:

- eine Rohre (22, 32) pro Freiheitsgrad, die zu-
sammen konzentrisch angebracht sind, um ent-
lang der Achse des zumindest einen koaxialen
Gelenks (J, J4) drehbar zu sein, worin

jede Rohre (22, 32) in Drehung durch eines der
Vielzahl von Antriebskabeln mit geschlossenem
Kreislauf (L4, Ly, L3, Ly, Ls, Lg, L7; 207, 20", 307,
30") betatigt wird,

und

- zwei proximale Riemenscheiben (31, 35) und
zwei distale Riemenscheiben (33, 34), die auf
der proximalen bzw. distalen Seite jeder Réhre
(22, 32) zur Fihrung des entsprechenden Ka-
bels angeordnet sind.

Mechanisches teleoperiertes chirurgisches System
nach Anspruch 1, worin jede Réhre (22, 32) mittels
eines Satzes von externen Kugellagern (41, 42), die
in einem Stitzrohr (52) angebracht sind, axial posi-
tioniert wird.

Mechanisches teleoperiertes chirurgisches System
nach Anspruch 1 oder 2, worin jedes Antriebskabel
mit geschlossenem Kreislauf (36), das zur drehen-
den Betatigung seiner jeweiligen Réhre (22, 32) an-
gebracht ist, mehrere kugelférmige oder andere axi-
alsymmetrische Elemente (37), die durch eine kon-
stante Teilung voneinander beabstandet sind, ent-
lang der Segmente des Kabels (36), die mitden Réh-
ren (22, 32) in Beriihrung sind, umfasst.

Mechanisches teleoperiertes chirurgisches System
nach Anspruch 3, worin jede der Rohren (22, 32)
Kerben (38) zur Aufnahme der Segmente des Ka-
bels (36) und Vertiefungen (39) umfasst, die entlang
der Kerbe (38) angeordnet sind und durch eine ent-
sprechende konstante Teilung voneinander beab-
standet sind, zur Aufnahme der kugelférmigen oder
anderen axialsymmetrischen Elemente (37), wo-
durch die Ubertragene Kraft erhéht wird.

Mechanisches teleoperiertes chirurgisches System
nach einem der vorhergehenden Anspriiche, ferner
umfassend:

- ein starres Stutzrohr (IT) mit zwei Extremitaten,
eine distale, die sich wahrend des chirurgischen
Verfahrens im Korper des Patienten befindet,
und eine proximale, die auRBerhalb des Korpers
des Patienten angeordnet ist;

- eine mit der distalen Extremitat jedes Stiitz-
rohrs (IT) verbundene gelenkige Slave-Einheit
(S), wobeidie Slave-Einheit (S) zwei serielle Ma-
nipulatoren (60, 61) umfasst, die beide mit einer
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proximalen Schulterkomponente verbunden
sind, worin die proximale Schulterkomponente
Uber ein Drehgelenk, dessen Achse senkrecht
zu der Langsachse des Stutzrohrs (IT) ist, mit
der distalen Extremitat des Stitzrohrs (IT) ver-
bunden ist, wobei jeder Manipulator (60, 61) die
Vielzahl von betéatigbaren Gelenken (J;, Jy, Js,
Ja, Js, Jg, J7) und die jeweiligen angetriebenen
Riemenscheiben (P,, P3, Ps, Pg, P;) sowie ein
distales Greiforganelement (50) umfasst; und

- eine gelenkige Master-Einheit (M), die mit der
proximalen Extremitat des Stitzrohrs (IT) ver-
bunden ist, wobei die Master-Einheit (M) zwei
serielle Manipulatoren umfasst, vondenen jeder
eine Vielzahl von Verbindungen und Gelenken
und einen distalen Eingabehandgriff umfasst,
mit genau der gleichen Kinematik und Kabeli-
bertragungstopologie wie die Slave-Manipula-
toren, worin Eingabebefehle von einem Bedie-
ner die Bewegung der Greiforgane der Slave-
Einheit gemaR den Eingabebefehlen verursa-
chen;

worin die durch Kabel angetriebene mechani-
sche Kraftlibertragung (L) zur Verbindung der
gelenkigen Master-Einheit mit der gelenkigen
Slave-Einheit zur Emulation der Bewegung der
Master-Manipulatoren durch die Slave-Manipu-
latoren innerhalb und entlang des starren Stiitz-
rohrs angebracht ist, worin jede angetriebene
Riemenscheibe, die einen bestimmten Frei-
heitsgrad betatigt, der Master-Manipulatoren
mit der denselben Freiheitsgrad betatigenden
angetriebenen Riemenscheibe des Slave-Ma-
nipulators verbunden ist.

Mechanisches teleoperiertes chirurgisches System
nach Anspruch 5, ferner eine stereoskopische Bild-
gebungskomponente umfassend, die an dem dista-
len Ende des Stiitzrohrs (IT) angebracht ist.

Revendications

Systeme chirurgical mécanique télécommandé des-
tiné a une manipulation a distance comportant :

- une pluralité de liens amovibles ;

- une pluralité de joints (J4, Jo, J3, 4, J5, Jg, J7)
actionnables comportant des joints (J,, J3, Js,
Jg, J7) pivotants et au moins un joint (J4, Jg)
coaxial placé entre les liens amovibles, dans
une configuration en série, paralléle ou hybride ;
- une pluralité de poulies (P,, P3, P55, Pg, P;)
entrainées, chacune étant montée coaxiale-
ment avec 'axe (A,, Az, A, Ag, A7) du joint (J,,
J3, Js, Jg, J7) pivotant respectif, dans lequel cha-
que poulie de ladite pluralité de poulies (P,, P3,
Ps, Pg, P7) entrainées est congue pour actionner

10

15

20

25

30

35

40

45

50

55

13

un degré de liberté du systéme chirurgical mé-
canique télécommandé ;

- une pluralité de poulies (M4, My, M3, My, Mg,
Mg, M;) d’entrainement situées a I'extérieur du
corps d’un patient lorsque le systeme chirurgical
mécanique télécommandé fonctionne, et

- une transmission (L) mécanique entrainée par
cable comportant une pluralité de cables (L4, L,,
Ls, L4, Lg, Lg, Ly 5 207, 20", 30°, 30") d’entraine-
ment en boucle fermée, chaque cable d’entrai-
nement en boucle fermée étant configuré pour
accoupler une poulie d’entrainement a une pou-
lie entrainée correspondante caractérisé en ce
que le systéme chirurgical mécanique télécom-
mandé comporte :

- un tube (22, 32) par degré de liberté, les tubes
étant montés concentriquement ensemble pour
pouvoir tourner le long de I'axe dudit au moins
un joint (J4, J4) coaxial, dans lequel

chaque tube (22, 32) est actionné en rotation
par un des cables de ladite pluralité de cables
(L4, Ly, L3, Ly, Ls, Lg, L7 ; 207, 20", 30’ 30") d’en-
trainement en boucle fermée, et

- deux poulies (31, 35) proximales et deux pou-
lies (33, 34) distales qui sont montées sur le c6té
proximal, respectivement le c6té distal de cha-
que tube (22, 32) pour guider le cable corres-
pondant.

Systéme chirurgical mécanique télécommandé se-
lon la revendication 1, dans lequel chaque tube (22,
32) est positionné axialement au moyen d’'un ensem-
ble de roulements (41, 42) a billes externes montés
a l'intérieur d’un tube (52) de support.

Systéme chirurgical mécanique télécommandé se-
lonlarevendication 1 ou 2, dans lequel chaque cable
(36) d’entrainement en boucle fermée monté pour
actionner en rotation son tube (22, 32) respectif com-
porte plusieurs éléments (37) sphériques ou autres
éléments asymétriques espacés d’un pas constant,
le long des segments du cable (36) qui viennent en
contact avec lesdits tubes (22, 32).

Systéme chirurgical mécanique télécommandé se-
lon la revendication 3, dans lequel chacun desdits
tubes (22, 32) comporte une gorge (38) destinée a
recevoir les segments du cable (36) et des renfon-
cements (39) disposés le long de ladite gorge (38)
et espacés d’'un pas constant correspondant desti-
nés a recevoir lesdits éléments (37) sphériques ou
autres éléments asymétriques augmentant la force
transmise.

Systéme chirurgical mécanique télécommandé se-
lon 'une quelconque des revendications précéden-
tes, comportant en outre :



25 EP 2 627 278 B1

-untube (IT) de support rigide, présentant deux
extrémités, une extrémité distale, qui est a I'in-
térieur du corps du patient durant l'intervention
chirurgicale, et une extrémité proximale, qui est
située a I'extérieur du corps du patient ; 5
- une unité (S) articulée esclave accouplée a
I'extrémité distale dudit tube (IT) de support, la-

dite unité (S) esclave comportant deux manipu-
lateurs (60, 61) en série qui sont les deux reliés

a un composant d’épaulement proximal, dans 70
lequel ledit composant d’épaulement proximal

est accouplé a ladite extrémité distale du tube

(IT) de support par un joint rotatif dont I'axe est
perpendiculaire a I'axe longitudinal du tube (IT)

de support, chaque manipulateur (60, 61) com- 15
portant ladite pluralité de joints (J4, Jo, J3, J4, Js,

Jg» J7) actionnables et les poulies (P,, Ps, Ps,

Ps, P;) entrainées respectives, et un élément
(50) formant effecteur terminal distal de
préhension ; et 20
- une unité (M) articulée maitresse, accouplée

a I'extrémité proximale dudit tube (IT) de sup-
port, ladite unité (M) maitresse comportant deux
manipulateurs en série, chaque manipulateur
étant doté d’une pluralité de bielles et de joints 25
et d’une poignée d’entrée distale, avec exacte-
ment la méme topologie en termes de cinéma-
tique et de transmission par cable desdits ma-
nipulateurs esclaves, dans lequel les comman-

des d’entrée d’un opérateur entrainent le dépla- 30
cement desdits effecteur terminaux esclaves
selon lesdites commandes d’entrée ;

dans lequel ladite transmission (L) mécanique
entrainée par cable est montée a l'intérieur du
tube de support rigide et le long de ce dernier 35
pour accoupler ladite unité articulée maitresse

a ladite unité articulée esclave afin d’émuler le
déplacement desdits manipulateurs maitres par
lesdits manipulateurs esclaves, dans lequel
chaque poulie entrainée, qui actionne un certain 40
degré de liberté, desdits manipulateurs maitres,

est reliée a la poulie entrainée dudit manipula-
teur esclave qui actionne le méme degré de li-

berte.
45
Systeme chirurgical mécanique télécommandé se-
lon la revendication 5, comportant en outre un com-
posant d’'image stéréoscopique monté au niveau de
I'extrémité distale dudit tube (IT) de support.
50
55
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