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Description
Field of the invention

[0001] The present invention refers to a robotic appa-
ratus for minimally invasive surgery (hereinafter referred
to as mini-invasive for the sake of simplicity), in particular
laparoscopic surgery.

State of the art

[0002] Inthe conventional surgery procedures, oropen
surgery, the surgeon generally performs a very long in-
cision. After this, the surgeon intervenes on the part of
interest manually or using manually actuated instru-
ments. Thus, the surgeon has the following advantages:

- stereoscopic vision - and thus the perception of the
relative distances - due to the direct vision between
the surgeon eyes and the operation scenario;

- feedback force and natural sense of touch, given that
the surgeon uses his hands to exert forces on the
tissue in a direct manner or at least mediated by a
single instrument.

[0003] The most relevant negative aspect of conven-
tional surgery is related to the high invasiveness of the
procedure, hence implying long recovery periods.
[0004] In the abdominal surgery, a considerable im-
provement in terms of lower invasiveness was obtained
through the introduction of laparoscopic techniques. In
this case, between three and five small incisions (typically
between 3 mm or 5 mm, at times 8 mm long) are per-
formed in the body of the patient and, the surgery is per-
formed after insufflating the abdominal cavity. Typically,
an incision is used for the passage of a camera while
operation or assistance instruments are introduced from
the other two. The laparoscopy operation instruments
are passed through a support tubular body transcutane-
ously inserted into the incision and called trochar, which
provides a so-called abdominal "port".

[0005] From a surgical point of view, the laparoscopic
procedure is much more complex as compared to the
conventional surgery due to the following reasons:

- the field of vision and the quality of the vision are
low, given that a two-dimensional camera is gener-
ally used and thus stereoscopy as well as the relative
perception of the distance, typical of conventional
surgery, is lost;

- the movement of the surgical instrument is inverted
with respect to the hand of the surgeon, due to the
fulcrum effect typical of the laparoscopy instruments;

- the feedback force is distorted by the presence of
the trochar;

- the dexterity of the instruments is considerably lim-
ited to a few degrees of freedom.
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[0006] On the other hand, the invasiveness of the
laparoscopic procedures allows considerably reducing
the hospitalisation time.

[0007] Some of the aforementioned disadvantages of
laparoscopy are overcome by the so-called "Da Vinci"
system (H. Palep: Robotic assisted minimally invasive
surgery, in Journal of Minimal Access Surgery, vol. 5,
issue 1, 2009), the only example of robotic laparoscopy
surgery platform available in the market. Such platform
is constituted by two main parts, and precisely a "master"
control console, where the surgeon has the possibility of
seeing the operation scenario on a three-dimensional
display and remote-operation of four robotic arms, and
a "slave" robotic system, constituted by the aforemen-
tioned robotic arms (three having an 8 mm diameter for
laparoscopic instruments and one having a 12 mm diam-
eter for the stereoscopic vision system). An additional
hole for the passage of the surgical operation support
instruments (for example sponges, needle and suture
thread, haemostatic forceps, etc.) should be added to
the four holes for the aforementioned instruments.
[0008] The mainadvantages introduced by the Da Vin-
ci system with respect to the conventional laparoscopic
procedures consist in:

- stereoscopic vision, thus a better perception of the
distances;

- intuitive control, in that the robotic approach allows
compensating the fulcrum effect typical of the lapar-
oscopic instruments;

- scaling the work space, due to which an extensive
movement of the surgeon’s arm on the master cor-
responds to a slight but highly accurate movement
of the robotized instrument;

- dexterity comparable to the hand of the surgeon, due
to the seven degrees of freedom typical of each op-
erating arm of the Da Vinci system.

[0009] Itis also true that the Da Vinci system revealed
various drawbacks which allow use thereof only for highly
selected and particular procedures. Such drawbacks in-
clude:

- high cost;

- long periods of preparation;

- overall dimension of the external robotic arms;

- increase of invasiveness with respect to laparoscop-
ic surgery procedures (a total of five holes, witha 12
mm hole, three 8 mm holes and a 5 mm hole);

- lack of feedback force (which cannot be obtained
from the information of the current in the motors in
that, due to the external cable actuation, it cannot be
considered proportional to the force exerted by the
end effector).

[0010] A very promising alternative approach seems
to be that of the so-called Robotic NOTES (Natural Orifice
Transluminal Surgery). Such approach is currently ap-
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plied only atresearch level. (D. Oleynikov, M. Rentschler,
A. Hadzialic, J. Dumpert, S.R. Platt, S. Farrito: Miniature
robots can assist in laparoscopic cholecystectomy, Surg
Endosc., vol. 19, pages 473-476, DOI:
10.1007/s00464-004-8918-6, 2005). In this case, a "self-
powered" mini-robot is introduced into the body of the
patient through a natural orifice (or a single abdominal
port) and locked therein through magnetic systems or
using needles. Invasiveness is reduced to the minimum
in this case, due to the fact that transcutaneous holes
into the body of the patient cannot be avoided, eliminating
risks of infection and scars.

[0011] The main drawbacks of this approach are:

- dexterity, still very limited as for now;
- low power, due to the fact that all the actuators are
provided on board the robot.

[0012] Regardingthe latter aspect, given that the robot
should pass through natural lumen or through a single
access port, the dimensions thereof should necessarily
be minimum thus implying the use of motors of smaller
dimensions and consequently having low power.. There-
fore,the NOTES approachis not capable of guaranteeing
the performance of the Da Vinci systemin terms of motion
speed of the instrument and tractive force. The latter as-
pect is also related to the lack of a stable rigid support
for the operating arms capable of allowing exerting con-
siderable amounts of force into the manipulation for sur-
gery tasks.

[0013] Ho-Seok Song et al. INDUSTRIAL TECHNOL-
OGY, 2006. ICIT2006.IEEE INTERNATIONAL CON-
FERENCE ON, IEEE, PI, 1 December 2006, 1258-1262,
disclose a robotic arm for laparoscopic surgery having
joints providing 8 degrees of freedom and acting like a
human elbow joint.

[0014] US patent application No. US 2008/0110958
discloses a surgical stapling device for clamping and sta-
pling tissues and for dispensing a fluid, such as an ad-
hesive, onto the tissue during surgical procedures. This
device is provided with a differential system which allows
only a rotational movement of the joints that are connect-
ed to the gear system.

[0015] Thus, in summary the current solutions for
laparoscopic surgery based on robotic arms manoeuvred
from outside provide for cumbersome units and thus re-
quire more invasive incisions with respect to the conven-
tional laparoscopic surgery techniques (already deeply
consolidated in modem surgery). On the other hand, the
other solution based on robots navigating in the body is
still at the embryonic stage and it seems not capable of
guaranteeing the stability, dexterity and power required
for surgery in the abdominal cavity.

[0016] Therefore, the known systems do not achieve
an optimal compromise among dexterity, power and de-
grees of freedom on one hand and mini-invasiveness
(also with the possibility of a single access port) on the
other. In particular, as previously mentioned, the systems
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that allow operating in minimum invasiveness conditions
with a single access port or through a natural orifice do
not allow achieving the stability and power required for
abdominal surgery.

[0017] In Particular, one of the problems associated to
the abovementioned drawbacks is that of obtaining a sat-
isfactory rigidity of the kinematic chain of the robotic arms
actuable from outside and a reduction of the relative me-
chanical clearances, and at the same time providing an
effective on board actuation of the distal joints of the ro-
botic arm.

Summary of the invention

[0018] Thus, the technical drawback addressed and
resolved by the present invention is to provide a robotic
apparatus for laparoscopic operations capable of allow-
ing overcoming the previously mentioned drawbacks
with reference to the prior art.

[0019] Suchproblemisresolved by arobotic apparatus
according to claim 1.

[0020] Preferred characteristics of the present inven-
tion are set forth in the dependent claims thereof.
[0021] The present invention provides some relevant
advantages. The main advantage lies in the fact that it
provides a differential mechanism which is particularly
efficient and small in size, suited for the transmission of
motion in any miniaturized system which receives or is
adapted to receive means for driving a flexural joint and
a torsional joint serially arranged, given that it can be
interposed between such drive means and said joints.
[0022] Otheradvantages, characteristics and methods
of use of the present invention shall be apparent from
the following detailed description of some embodiments,
provided by way of non-limiting example.

Brief description of the drawings

[0023] Reference shall be made to the figures of the
attached drawings, wherein:

B Figure 1 shows a perspective schematic view of
a preferred embodiment of a robotic apparatus ac-
cording to the invention, in an exemplifying configu-
ration with two arms (bimanual), each of which has
a serial structure, i.e. with a serial arrangement of
relative rotary joints;

B Figures 2A to 21 each show a perspective view
of the apparatus of Figure 1 in a step for inserting a
relative arm through anintroducer body which serves
as laparoscopic access port;

B Figure 3 shows a perspective rear view of part of
the robotic apparatus of Figure 1 showing relative
means for locking the arms on the introducer body
according to a first variation;

B Figures 4A, 4B and 4C each show a perspective
front view of the robotic apparatus of Figure 3 in a
respective step of the procedure for locking the rel-
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ative arms on the introducer body;

B Figures 5A and 5B each show a respective front
view of the robotic apparatus of Figure 3 respectively
corresponding to the steps of Figures 4A, 4B and 4C;
B Figure 6 shows a front view of a second variation
of the means for locking the arms of the robotic ap-
paratus of Figure 1;

B Figure 7 shows a lateral perspective view of a first
preferred embodiment of a robotic arm of the appa-
ratus of Figure 1;

B Figures 8A and 8B refer to the robotic arm of Figure
7, respectively showing a perspective view and a
longitudinal section thereof taken along line A-A of
the latter figure and highlighting the provision of
means for transmitting the motion from external ac-
tuators to the first two joints of the arm;

B Figure 9 shows a perspective view of the robotic
apparatus of Figure 1, showing a variant embodi-
ment for the relative arrangement of the two arms;
B Figures 10A and 10B each show a perspective
view of the robotic apparatus of Figure 9 in a respec-
tive step for introducing an arm thereof into the in-
troducer body;

B Figure 11 shows a perspective view of a variation
of the means for transmitting the motion from exter-
nal actuators to the first two joints of the arm of Figure
7;

B Figure 12 shows a perspective view of a trans-
verse section of the robotic arm of Figure 7, showing
a further variation of the means for transmitting the
motion from external actuators to the first three joints
of said arm;

B Figure 13 shows a lateral perspective view, partly
broken, of the arm of Figure 12 showing an internal
cable transmission mechanism;

B Figure 14 shows an exploded view of a device for
pre-stretching the arm of Figure 12;

B Figure 15 shows a front perspective schematic
view of the robotic apparatus of Figure 1 incorporat-
ing the cable transmission means of Figure 12;

B Figure 16 shows a partly exploded lateral perspec-
tive view of a preferred embodiment of a distal part
of the robotic arm of the apparatus of Figure 1, com-
patible with the variations of the preceding figures;
B Figures 17A, 17B and 17C refer to a transmission
mechanism of the arm portion of Figure 16, respec-
tively showing a perspective view, a plan view and
a lateral view thereof;

B Figures 18A, 18B and 18C refer to a preferred
embodiment of an intermediate joint of a robotic arm
of the apparatus of Figure 1, respectively showing a
perspective view partly broken, a front sectional view
and a lateral sectional view thereof;

B Figures 19A and 19B show respective perspective
views - that of Figure 19B as an enlargement of a
detail - of a preferred embodiment of a robotic arm
compatible with the apparatus of Figure 1 and which
provides for a hybrid parallel/serial arrangement of
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relative rotary joints;

M Figures 20 and 21 refer to a mechanism for actu-
ating proximal joints of the robotic arm of Figure 19A,
19B, respectively showing a perspective view of the
mechanism and a lateral view of a detail of the latter
thereof;

H Figures 22A, 22B and 22C each show a perspec-
tive view relative to a variant of an introduction sys-
tem;

B Figures 22D and 22E each show a perspective
view of the same enlarged detail of the introducer
body of Fig. 22A,;

B Figures 23A, 23B, 23C and 24 each show a per-
spective view of the robotic arm of Figures 19A, 19B
and of the introducer body of Figures 22A-22E in a
respective step for inserting the first into the second;
B Figure 25 shows a perspective view of two robotic
arms obtained according to Figures 19A, 19B insert-
ed into the introducer body of Figure 22A;

B Figures 26A and 26B each show a perspective
view of a variation of anintroducer body, respectively
in a minimum overall dimension configuration and in
a deployed configuration;

B Figure 27 shows a perspective schematic view of
the robotic apparatus of Figure 1 in another config-
uration incorporating two parallel/serial robotic arms
analogous to that of Figures 19A, 19B and a serial
arm analogous to that of Figure 7.

Detailed description of the invention

General structure of the robotic apparatus

[0024] With initial reference to Figure 1, a robotic ap-
paratus for laparoscopic surgery according to a preferred
embodiment of the invention is indicated in its entirety
with 100.

[0025] Insuchfigure,the apparatus 100 is represented
in an exemplifying configuration which provides for a first
and a second robotic arm, respectively indicated with 101
and 102, each having a plurality of articulated joints ar-
ranged longitudinally along the arm according to a serial
structure. In particular, each arm 101, 102 has six de-
grees of freedom. The distal end portion (with respect to
the surgeon) of each robotic arm 101, 102 may be
equipped with surgical instruments, such as for example
forceps 109, or with sensors, such as cameras or bio-
metric sensors.

[0026] Alternative configurations of the apparatus 100
will be described hereinafter with reference for example
to Figure 27, in which the apparatus comprises a serial
arm 101 and two hybrid parallel/serial structure arms re-
spectively indicated with 201 and 202.

[0027] Thus returning to Figure 1, the apparatus 100
also comprises a support body 103, or introducer, having
a cylindrical-shaped tubular structure in its entirety anal-
ogous to and compatible with that of a trochar. The sup-
port body 103 has a symmetrical longitudinal axis indi-
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cated with X in Figure 1.

[0028] The support body 103 is thus adapted to serve
as an introducer for the arms 101 and 102 into the body
of the patient, allowing the passage of both through it.
[0029] The apparatus 100 further comprises a stereo-
scopic vision system 104, schematically represented in
Figure 1. Such vision system 104 may be associated to
one of the arms 101 or 102 or introduced through the
support body 103 with other means.

Exemplifying method for inserting the serial robotic arms
through the introducer body

[0030] As mentioned above, the introducer body 103
is conceived to allow the introduction of the robotic arms
of the apparatus 100 into the body of the patient.
[0031] Apreferred introduction method provides for the
insertion of one robotic arm at a time. Figures 2A to 2I
thus show, schematically and in sequence, how each of
the robotic arms 101 and 102 is inserted, during a lapar-
oscopic surgery, through the introducer body 103.
[0032] In particular, as shown in Figures 2A and 2B,
during the insertion the first arm 101 is arranged longitu-
dinally in the introducer body 103 in a rectilinear align-
ment configuration of the joints thereof.

[0033] During such insertion, the arm 101 and body
103 are slidably coupled through respective complemen-
tary engaging means, better observable in Figure 3. In
the present example, such engaging means comprise a
longitudinal face 112 projecting from a first basic proximal
portion 110 of the arm 101 and adapted to slide in a re-
spective groove 113 provided in the inner wall of the sup-
port body 103.

[0034] Now, with reference to Figures 2C, 2D, 2E and
2F, once a second proximal portion 111 of the arm 101
exits from the introducer body 103 within the abdominal
cavity or any other body region, the proximal joints of the
arm 101 are actuated (according to the methods to be
described hereinafter) so as to allow a substantially 90
degrees rotation of the most proximal joint outwards rel-
ative to the longitudinal axis of the introducer body 103.
[0035] With reference to Figures 2G, 2H and 2I, the
second arm 102 is thus introduced, according to methods
similar to those described above regarding the first arm.
[0036] Once taken to the introduced configuration of
Figure 21, the arms 101 and 102 are locked on the intro-
ducer body 103 according to the methods to be described
below.

First method forlocking the robotic arms on the introducer
body

[0037] With reference to Figure 3, as mentioned above
each robotic arm 101, 102 has a first basic proximal por-
tion 110 adapted to be slidably coupled with the inner
wall of the introducer body 103.

[0038] Furthermore, still as previously mentioned,
each robotic arm 101, 102 has a second proximal portion
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111, arranged distally with respect to the first proximal
portion and associated to the abovementioned plurality
of articulated joints and in turn articulated to the basic
portion 110 so as to be able to rotate by about 90 degrees
with respect to the latter, i.e. with respect to the longitu-
dinal axis X of the introducer body 103. Such "folding" of
the arm may be either passive or externally actuated, for
example through cable actuation systems or other me-
chanical transmission means of per se known type.
[0039] In the present example, at the proximal end
thereof the second portion 111 of each arm is formed
with a locking seat 117, better observable in Figure 5A
and whose role will be clarified shortly.

[0040] As shown still in Figure 3 and as illustrated
above, the overall structure of the apparatus 100 is such
that both arms 101 and 102 can be simultaneously in-
serted through the introducer body 103 and housed, dur-
ing use, therein at the basic proximal portion 110 thereof.
[0041] Still in Figure 3, transmission cables 108, in-
tended to transmit motion to the most proximal joints
(shoulder) of the arms 101 and 102 were represented
purely by way of example; their role shall be explained
hereinafter.

[0042] In the present embodiment, the apparatus 100
also comprises a locking element 114, or pin, which is
adapted to be inserted longitudinally through the intro-
ducer body 103 centrally between the two arms 101 and
102 for locking the latter on the introducer body. The lock-
ing element 114 bears, at the longitudinal end thereof
arranged distally during use, two transverse shaped pro-
jections, respectively indicated with 115 and 116, ar-
ranged on diametrically opposite sides and each adapted
to be inserted in a respective locking seat 117 of a re-
spective arm 101, 102.

[0043] Preferably, the locking element 114 has a tubu-
lar structure, i.e. a longitudinal interior lumen, indicated
with 118 in Figure 5A.

[0044] The methods for locking the robotic arms 101
and 102 on the introducer body 103 are described here-
inafter.

[0045] Once theroboticarmsarein the introduced con-
figuration of Figure 2I, the locking element 114 is intro-
duced between the two arms, at an arrangement in which
the projections 115, 116 are orthogonal to the transverse
direction of extension of the second proximal portions
111. As shown in the sequence of Figures 4A-4C and
5A-5B, the locking element 114, once entirely introduced
through the body 103, is rotated so as to couple such
projections 115, 116 within the respective seats 117,
where they are fittingly restrained, snap restrained or re-
strained through other means analogous retention
means. Thus, by making the locking element 114 integral
with the introducer body 103, the most proximal part of
eacharm 101, 102 is firmly locked on the introducer body
103.

[0046] With the aim of obtaining the abovementioned
insertion and rotation movement, the locking element 114
may be connected to an external rigid support, for exam-
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ple a motor which makes it slide and rotate by 90°.
[0047] It should be observed that the previously de-
scribed locking means allow locking the arms firmly in
position after introduction thereof, providing a consider-
able mechanical stability thereto. Actually, once posi-
tioned within the abdomen, the arms form a single body
with the introducer body 103. Furthermore, the central
locking element 114 contributes to stiffening the assem-
bly.

[0048] Thus,the described arrangementallows obtain-
ing a stable support for the operating arms though oper-
ating through a single lumen (for example the belly-but-
ton) or access port. Such mechanical stability during the
operation is a compulsory condition for the accuracy
thereof. Furthermore, due to said stability, the robotic
arms can exert considerable amounts of forces and thus
be capable of performing any manipulating task required
for surgery purposes.

[0049] Still, by operating through arms actuable from
outside, the apparatus of the invention may exert con-
siderable forces and obtain a satisfactory dexterity.
[0050] Lastly, due to said stable support for the arm,
the apparatus however obtains an effective bimanuality
though it can operate through a single lumen or access
port.

[0051] Furthermore, the locking element 114 being
hollow, an inner lumen 118 for the introduction of oper-
ating or auxiliary elements is made available, even after
the locking of the arms. Figures 5A and 5B also show
how two lateral lumens 119 and 120 in the introducer
body 103 remain available with locking completed.
[0052] Furthermore, the described arrangement guar-
antees a safe removal of the lock. Actually, given that
the locking element 114 is made rigid and it can be ma-
noeuvred from outside, the risks related to the impossi-
bility of folding the arms after completing the operation
are minimum.

[0053] Figure 6 shows a variation of the previously de-
scribed locking means, in which the overall construction
-andin particular the arrangement of the projections 115,
116 and of the relative seats 117 - is not axial-symmetric.
In such variation, the overall arrangement is such that,
once locked on the introducer body 103, the second prox-
imal portions 111 of the two arms 101 and 102 have in-
cident longitudinal axes according to an acute angle a.
which is also the relative angle according to which the
two projections 115, 116 and obviously the respective
seats 117 are arranged.

General structure of a robotic serial arm

[0054] Some preferred embodiments regarding the
distal part of the serial structure arms 101 and 102, and
in particular regarding the articulated joints thereof will
be described below. Such description will be outlined with
reference to a single arm, in particular to the first arm
101, but it can also be applied as it is to the second arm
102.
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[0055] With reference to Figure 7, the serial structure
arm 101, as previously mentioned, has six degrees of
freedom, associated to an equivalent number of rotary
joints and preferably distributed as follows:

- afirst torsional degree of freedom (rotation around
longitudinal axis Y) associated to a first joint 1;

- asecond flexural degree of freedom (rotation around
transverse axis J) associated to a second joint 2;

- a third flexural degree of freedom (rotation around
transverse axis K) associated to a third joint 3;

- afourth torsional degree of freedom (rotation around
longitudinal axis Z) associated to a fourth joint 4;

- a fifth flexural degree of freedom (rotation around
transverse axis W) associated to a fifth joint 5; and

- asixth torsional degree of freedom (rotation around
longitudinal axis U) associated to a sixth joint 6.

[0056] Therefore, the mobility and final dexterity of the
arm 101 are obtained with an alternation of torsional and
flexural joints arranged longitudinally in sequence along
the arm.

[0057] A further opening/closing degree of freedom
can be obtained at the level of the distal instrument 109,
as schematically shown with an arrow in Figure 7.
[0058] Thefirsttwo joints 1, 2 will be defined "proximal”
and the other four joints 3-6 will be defined "distal" for
the sake of simplicity.

[0059] Following an anthropomorphic analogy, the first
two joints 1 and 2 can be intended as associated to the
degrees of freedom of a shoulder, the third joint 3 intend-
ed as associated to a degree of freedom for folding an
elbow and the last three joints 4-6 intended as associated
to the three degrees of freedom of a spherical wrist ar-
ranged at a "forearm".

First variation for transmitting motion from external actu-
ators to the proximal joints of the serial robotic arm and
variation of the system for locking the robotic arms on
the introducer body

[0060] Inthe presentembodiment and as described in
detail hereinafter, the first two proximal joints 1-2 are ac-
tuated from outside through special transmission means,
while the other four joints are actuated through local mo-
tor means.

[0061] Figures 8A and 8B refer to a preferred embod-
iment of means for transmitting motion from external ac-
tuators 80 and 90 (schematically represented in Figure
8A and per se known) to the proximal joints 1 and 2. In
such embodiment, the transmission means are based on
a bevel gear.

[0062] Getting deeper into detail, the two external ac-
tuators 80 and 90 are each connected to a respective
first or second rotating drive shaft 8, 9 arranged at the
beginning of the kinematic chain of the arm.

[0063] Each drive shaft 8, 9 is housed in a respective
first or second sleeve 11, 12, in turn made integral with
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the introducer body 103 after insertion into the latter.
Such fastening of the sleeves 11, 12 to the introducer
body 103 can be obtained through known fastening
means applied between the drive body 80, 90 and the
introducer body 103.

[0064] Each drive shaft 8, 9 traverses an external cas-
ing portion of the arm 101, indicated with 10 and associ-
ated to the two joints 1 and 2, and it is removably coupled
thereto through roller bearings or equivalent connection
means.

[0065] The casing portion 10 is also integrally joined
tothe two sleeves 11 and 12. Thus, the base of the robotic
arm 101, at an operating position, is rigidly and integrally
anchored to the introducer body 103. Therefore, in this
embodiment a locking different from that described with
reference to Figures 3 and 4A-6 is provided for.

[0066] The transmission means described herein also
comprise a first and a second bevel gear, respectively
13 and 15, each integrally joined to a respective drive
shaft 8, 9.

[0067] The first bevel gear 13 transmits motion to a
shaft 14 which is extended along the longitudinal axis Y
and which, through a further distal bevel gear 16 coupled
with a corresponding further component of the joint 2,
provides the motion to the latter.

[0068] The second bevel gear 15 transmits motion to
a hollow shaft 151 which provides the movement to the
joint 1. In particular, the longitudinal shaft 14 which ro-
tates within the hollow shaft 151 extends coaxially into
the hollow shaft 151. Therefore, the movement of the
second drive shaft 9 also causes the movement to the
second joint 2. An independent movement of the first and
second joint 1 and 2 through a suitable combination of
the movements of the drive shafts 8 and 9, not described
further hereinafter given that they are known to a man
skilled in the art, can also be obtained.

[0069] In brief, the proposed transmission device
(which could be subject to a separate and independent
protection) is based on a pair of drive shafts 8, 9 each
coupled through bevel gears 13, 15 or equivalent means
to afurther shaft 14, 151 substantially orthogonal thereto,
the shafts of this second pair being substantially orthog-
onal to the respective drive shafts 8, 9 and also being
coaxial with respect to each other.

[0070] It shall be observed that the previously de-
scribed embodiment allows actuating the two proximal
joints with a mechanism extremely small in size.

[0071] As previously mentioned, the previously de-
scribed structure requires a method for inserting and
locking the robotic arms through the introducer body dif-
ferent from that of Figures 2A-21 and shown in Figures 9
and 10A,10B.

[0072] Figure 9 shows the apparatus 100, highlighting
the relative arrangement of the two arms 101 and 102,
particularly regarding the portions of the first two proximal
joints 1 and 2 and according to the preferred embodiment
thereof described last with reference to Figures 8A and
8B.
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[0073] In order to obtain the configuration of Figure 9
and also with reference to Figures 10A and 10B, the two
arms 101 and 102 can be inserted into the introducer
body 103 one at a time. During the insertion, each arm
is supported by two cables 61 and 62, each connected
to a respective sleeve 11, 12. Upon inserting the arms
101 and 102, the hollow shafts 11 and 12 are also intro-
duced through the introducer body 103 and the two ca-
bles 61 and 62 connected to each arm are pulled from
outside, together with the whole arm so as to introduce
the sleeves 11 and 12 into the respective seats within
the casing 10.

[0074] Thus also in this embodiment the robotic arms
101, 102 are formed with a first and a second proximal
portion, the latter indicated with 121 in this case, which
is arranged, during use, substantially orthogonal to the
longitudinal axis X of the introducer body 103.

Second variation for transmitting motion from external
actuators to the proximal joints of the serial robotic arm

[0075] According to a variation of the arrangement
shown in Figures 8A and 8B, the external actuation of
the "shoulder" joints 1 and 2 provides for the use of re-
spective translating shafts instead of rotating shafts, as
shown in Figure 11.

[0076] In particular, in the embodiment considered in
this case, the transmission of motion to each of the joints
1 and 2 is obtained through a respective endless screw-
toothed wheel mechanism. Thus, the transmission
means comprise, for each joint, a translating drive shaft
800 which traverses the casing 10 of the arm 101 and
has a helical thread 27 at the distal end thereof. Thread
27 is mechanically coupled with a toothed wheel 28
housed within the casing 10 and in turn adapted to trans-
mit motion to the corresponding degree of freedom.
[0077] The transmission means considered in this
case also comprise an idler wheel 29, arranged on the
opposite side of the translating shaft 800 with respect to
the toothed wheel 28. Such idler wheel 29 allows bearing
the radial stresses on the drive shaft 800, due to the end-
less screw-toothed wheel coupling, which can be critical
especially given the small dimensions of the mechanism.
[0078] The insertion of the drive shaft 800 through the
casing 10 and between the wheels 28 and 29 can be
carried out through an initial rotation thereof associated
to an advancement equivalent to the propeller pitch of
the thread 27. This allows introducing the shaft without
actuating the corresponding degree of freedom. Subse-
quently, the translation movement of the shaft 800 will
allow controlling the desired rotation of the joints 1 and 2.
[0079] Still in Figure 11, the described transmission
mechanism is represented coupled to an inner transmis-
sion of the motion obtained through cables 30, where a
respective driving pulley 31 of each of them is integral
with the respective toothed wheel 28.

[0080] Also the previously described translating shaft
transmission means allow obtaining a configuration of
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the system like that shown in Figure 9, through an inser-
tion and locking system similar to that described regard-
ing the rotating shaft actuation mechanism and shown in
Figures 10A and 10B.

[0081] In brief, the proposed solution (which could be
subject to a separate and independent protection) is
based on the use of a translating shaft for each joint,
coupled with the joint through a gear transmission mech-
anism or equivalent transmission mechanism and asso-
ciated cable elements or equivalent elements.

[0082] It shall be observed that the previously de-
scribed translating shaft solution allows reducing the di-
ameter of the shafts, in this case subjected to trac-
tion/compression instead of torsion, and having more
free space in the introduction channel of the body 103
as compared to the rotating shaft actuation of Figures
8A, 8B.

Third variation for transmitting motion from external ac-
tuatorsto the firstthree proximal joints of the serial robotic
arm

[0083] The following is a description of another em-
bodiment of the means for transmitting motion from ex-
ternal actuators to the first three proximal joints 1, 2 and
3 of the arm 101, 102 based on a cable transmission
mechanism.

[0084] With reference to Figures 12 and 13, the above-
mentioned cable transmission means provide for a par-
ticular arrangement of idler pulleys within the casing of
the arm with the aim of allowing the cables for actuating
the joints 2 and 3 to pass beyond the first torsional joint
1. In particular, such idler pulleys are positioned radially
at a different distance from the axis of the torsional joint 1.
[0085] In the present embodiment, the joints 2 and 3
are actuated through a total of four cables, two for each
one of them i.e. for each degree of freedom. As men-
tioned above, the four cables should pass through the
first joint 1 and two of them also through the second joint
2.

[0086] Following the path of one the four cables that
actuate the joints 2 and 3, a first cable 17 is passed
through a first idler pulley 18 - or first return pulley - po-
sitioned on a fixed shaft 19 (i.e. not rotatable with the
joint 1) coaxial with the casing of the arm - such main
casing/body of the arm is indicated in such case with 22
- and thus with the axis Y of the arm. The first pulley 18
is arranged with the rotation axis thereof transverse and
thus orthogonal to the axis Y of the fixed shaft 19.
[0087] Subsequently the cable 17 passes through a
second idler pulley 20 - or a second return pulley - posi-
tioned on the fixed shaft 19 coaxially with respect thereto.
[0088] From here, the path of the cable 17 proceeds
towards a third idler pulley 21 or third return pulley - also
arranged with transverse axis orthogonal to the fixed
shaft 19 and integral with the external rotating casing 22
of the arm.

[0089] Thenthe cable reachesthejoint2. The passage
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of the cable beyond the joint 2 and for actuating the joint
3 is then accomplished through an idler mechanism sim-
ilar to that described above and evidently housed in the
arm portion interposed between the joints 2 and 3.
[0090] Figures12and 13 show further pulleys, besides
the ones described, which are suitable for the passage
of the other three cables through the joint according to
the methods similar to those described above.

[0091] Itis worth noting that the proposed transmission
mechanism can also be associated to the above de-
scribed embodiment with rotating shafts for actuating the
first two joints and used for transmitting motion to the
subsequent joints and also to the embodiment with trans-
lating shafts also for transmitting motion to the first joints.
[0092] It should be observed that the previously de-
scribed mechanism achieves the following advantages:

- an efficient and reliable passage of the transmission
cables through the proximal joints 1 and 2 and into
an extremely small space;

- generally, the passage through a torsional joint in a
compact arrangement, allowing an extensive rota-
tion of the torsional joint with a transmission efficien-
cy unaffected by the angular position of the torsional
joint;

- the absence of torsion of the cables presentin some
solutions of the known art.

[0093] Still generally, the described mechanism allows
actuating cables of several joints downstream of a joint
arranged with the axis parallel to the initial longitudinal
extension of the cables and in a small space, in that the
axis of the idler pulleys is arranged radially relative to the
abovementioned joint.

[0094] An idler system like the one described above,
which in the most general definition thereof is based on
a plurality of idler pulleys arranged in sequence and
wherein each pulley has an axis orthogonal to that of the
adjacent pulley, may actually also be applied evenin sec-
tors different from the one considered herein. In particu-
lar, the described arrangement can be applied in any
actuator device - even different from the articulated arm
portion considered in this case - equipped with a torsional
degree of freedom and a flexural degree of freedom. In
the most general description thereof, such actuator de-
vice comprises:

- amain body (equivalent to the considered arm por-
tion) having a torsional degree of freedom according
to a longitudinal rotation axis (the axis Y considered
above);

- a joint (the joint 2 in the arrangement described
above) arranged at an end of such main body;

- means for transmitting flexural motion to such joint
through the main body, such transmission means
comprising a plurality of idler pulleys adapted to be
engaged by atleast one transmission cable, the idler
pulleys being arranged at a variable radial distance
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relative to said longitudinal axis.

[0095] Now, with reference to Figure 14, a device for
pre-stretching the cables, which allows the latter to be
always in a stretched condition before the actual operat-
ing step is also provided for in the present embodiment.
[0096] The abovementioned cable pre-stretching de-
vice is adapted to be housed in a small space such as
within the proximal part of the arm (i.e. the abovemen-
tioned "shoulder").

[0097] Foreach transmission cable, the pre-stretching
device provides for the use of two pulleys coupled to each
other through a mechanism which allows a unidirectional
rotation between the two pulleys.

[0098] In particular, a first stretching pulley 23 which
is mechanically integral with a shaft 25 and a second
stretching pulley 24 free to rotate on the shaft 25 is pro-
vided for each cable in Figure 14. A first and a second
grooved wheel 26 and 27, each arranged within a re-
spective pulley 23, 24 and integral therewith are also pro-
vided for. The two grooved wheels 26 and 27 are shaped
so as to form a mechanical coupling with the shaft 25
which counters a rotation in a direction of the respective
pulley, while it leaves the rotation free in the other direc-
tion.

[0099] In particular, the first wheel 26 has an external
saw-toothed profile, which is engaged with a correspond-
ing internal step profile of the second wheel 27, allowing
a stepping rotation in one direction (with the teeth sliding
on the crests of the steps) and preventing rotation in the
opposite direction due to the fact that the teeth abut
against the shoulders of the steps. Thus, the cable can
be pre-stretched by rotating the pulley in the free direction
of rotation, until the desired preloadis reached. The coun-
ter-rotation of the pulley is hindered by the coupling be-
tween the grooved wheels 26 and 27.

[0100] It should be noted that the provision of cable
transmission means allows increasing the free space
within the introducer body.

[0101] In a variation of the system, only the first two
joints 1 and 2 are cable-actuated, while the joint 3 is ac-
tuated by a motor arranged inside, thus simplifying the
overall mechanism.

[0102] The two or more arms partly actuated by cables
can be arranged as shown in Figure 15 according to the
general architecture of the apparatus of Figure 1 and with
the first method for locking the arms described above.

Actuation of the distal joints of the serial robotic arm

[0103] Now,withreferencetoFigures16and17A-17C,
as mentioned previously the distal joints 4-6 of each ro-
botic arm 101, 102 of the apparatus 100 of Figure 1 are
moved through on-board drive means. Such on board
actuation is accomplished through miniaturized motors,
preferably electrical motors, brushless DC motors in the
present example.

[0104] Regarding the joints 5 and 6, the proposed so-
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lution consists in a particular differential mechanism
which allows reducing the overall space necessary for
housing the two joints 5, 6 and allows housing the motors
along the axis of the aforementioned "forearm". Such dif-
ferential mechanism comprises a first and a second as-
sembly of three gear wheels preferably of the conical
type, each assembly being respectively indicated with
340 and 350, which are coupled to form the differential
by using a train of three further gear wheels preferably
straight-cut gear wheels arranged in transverse se-
quence and respectively indicated with 34 and 35 for the
two lateral wheels and with 36 for the central wheel.
[0105] In particular, the first assembly of wheels of the
conical type 340 comprises three wheels coupled to form
a substantially C-shaped structure, and in particular a
firstand a second wheel 341 and 343 which have incident
rotation axes. The wheel 341 has a rotation axis parallel
to the longitudinal axis of the forearm, while the axis of
the wheel 343 rotates around the axis W of a shaft 360,
thus forming the degree of freedom 5 of figure 7. A third
conical wheel 342 is interposed between the first two for
coupling thereof and it is arranged with a rotation axis
substantially orthogonal to that of the wheel 341. A sym-
metric arrangement is provided for the second assembly
350.

[0106] The intermediate conical wheels 342 and 352
of the two assemblies are idle on the intermediate shaft
360 of axis W.

[0107] The two lateral wheels 34 and 35 of the afore-
mentioned train of wheels are respectively integral with
the first conical wheel 343 of the first assembly 340 and
with an analogous first conical wheel 353 of the second
assembly 350.

[0108] The central wheel 36 is instead integral with the
distal end, indicated with 37, of the robotic arm.

[0109] The conical wheel 341 of the first assembly 340
is instead integral with a drive axis of drive means 38 and
a conical wheel 351 of the second assembly 350 is inte-
gral with other drive means 39.

[0110] Thus the end of the robotic arm has a so-called
pitch (rotation around axis W) and roll (rotation around
axis U) degree of rotation depending on whether the drive
means 38 and 39 rotate in the same direction of rotation
(pitch) or in the opposite direction (roll). Thus, the desired
roll and pitch combination can be obtained through a suit-
able combination of the drive means 38 and 39.

[0111] Regarding the actuation of the of the torsional
joint 4, further drive means 40 still arranged within the
forearm with axis parallel thereto and associated to trans-
mission means 400 preferably with straight-cut gear
wheels meshing are provided for.

[0112] In the example considered herein, the joints 4,
5 and 6 thus have incident axes.

[0113] Preferably, in the assembly 340 the reduction
ratio between the wheels 341 and 342 is greater than 1
and it is equal to the reduction ratio between the wheels
343 and 342. This allows a rotation around the axis w of
the shaft 360 greater than 90° without the wheel 343 im-



17 EP 2 563 261 B1 18

pacting against the wheel 341.

[0114] Itshould be observed thatthe solution proposed
for the actuation of the distal joints 4-6 allows achieving
a high degree of miniaturization, though allowing suitable
power values.

[0115] It should also be observed that an actuation of
serial joints like the one described beforehand can be
provided for as a distal part of a generally hybrid arm
201, 202 like those shown in Figure 27.

[0116] Lastly, it should be observed that that the dif-
ferential mechanism described beforehand can also be
subject of an independent protection, i.e. independent
from the application to a robotic arm.

[0117] As previously mentioned, such differential
mechanism is suitable for motion transmissionin any sys-
tem receiving or adapted to receive means for driving a
flexural joint and a torsional joint arranged serially, given
that it can be interposed between such drive means and
said joints.

[0118] In such general definition, the transmission
means comprise a first and a second assembly of three
gear wheels, preferably of the conical type, and a train
of three further gear wheels, preferably straight-cut gear
wheels, which couple said first and second assembly to
form a differential mechanism. Preferably, the gear
wheels of each of the first and second assembly are ar-
ranged to form a substantially C-shaped structure, adja-
cent wheels having mutually orthogonal rotation axes,
wherein two wheels have arotation axis substantially par-
allel to the axis of the torsional joint and the third inter-
mediate wheel has a rotation axis substantially parallel
to or coinciding with the axis of the flexural joint.

Actuation of the third joint of the serial robotic arm

[0119] Now, with reference to figures 18A-18C and ac-
cording to a preferred embodiment, the joint 3 of the so-
called "elbow" - which rotates a distal part 41 of the arm
(i.e. the forearm) relative to a proximal part 410 - provides
for that the rotation shaft 42 extended according to the
transverse axis K previously introduced be made as two
distinct longitudinal portions 421 and 422. The motion is
transmitted by a local drive wheel 43 to the axis K of the
joint through a coupling of the conical wheels 430 at a
right angle associated to the abovementioned two parts
421 and 422 of the shaft 42.

[0120] Itshould be observed thatthe proposed solution
for the joint 3 allows an extensive rotation, in particular
an overall rotation exceeding 90 degrees and up to 130
degrees, with a compact gear transmission chain.

General structure of a hybrid serial/parallel robotic arm

[0121] Now, with reference to Figures 19A and 19B,
as mentioned previously the structure of the apparatus
of Figure 1 is also compatible with the provision of one
or more of the arms thereof according to a hybrid paral-
lel/serial arrangement of relative rotary joints.
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[0122] In particular, in each of the parallel/serial arms
201, 202 the proximal joints 1-3 of the serial embodiment
described above are replaced by a parallel structure 44
which allows a distal part 45 of the arm to have three
translational degrees of freedom.

[0123] Getting deeper into details of the present em-
bodiment, there are provided three articulation proximal
points actuated by respective drive motors (for example
brushless DC motors) positioned outside the apparatus
100, as illustrated further in detail shortly hereinafter.
Such proximal articulation points comprise three respec-
tive hinges, one of which indicated by way of example
with 46. The latter allow the rotation of an equivalent
number of corresponding proximal segments 471 with
respect to a base 450 of the parallel structure from which
each of the proximal segments 471 depart.

[0124] As mentioned above, due to the movement
combined with the three hinges 46 at the base 450, the
distal portion 45 translates along three axis orthogonal
to each other.

[0125] Each of the proximal segments 471 is then in
turn articulated, at a distal end thereof, to a respective
distal segment 472, the latter being articulated, at the
other end, to the aforementioned distal portion 45.
[0126] The distal portion 45 also has other three rota-
tional degrees of freedom positioned orthogonally with
respect to each other, besides the translational ones
mentioned above.

[0127] The actuation of the aforementioned three ro-
tational degrees of freedom (and possibly the actuation
of an additional degree of freedom at the tool 109) may
either be performed using motors arranged on the distal
segments directly or with an equivalent number of motors
arranged outside. In the case of motors arranged outside,
the power is transmitted to the segments through a cable
actuation, the cables sliding along the axes of the parallel
structure.

[0128] The actuation of the tool 109 can be transmitted
along the arm through a cable and a sheath 48, repre-
sented by way of example in the figures considered in
this case.

[0129] The combination of the six degrees of freedom
allows the tool 109 positioned at the tip to reach the areas
the surgeon is operating on, both in terms of position and
angle.

[0130] Figure 20 shows - in further detail - the actuation
of the articulation points 46 of the present embodiment,
in an operative configuration of the robotic arm. As pre-
viously mentioned, such actuation occurs through motors
outside the body of the patient and an associated cable
transmission. In particular, the external motors actuate
drive pulleys 49 through respective axes, the pulleys -
by means of cables 50 - controlling the degrees of free-
dom. Such cables 50 are routed into the introducer body
103. A series of idler and return pulleys 51 guide the
cables 50 towards the opening and coupling mechanisms
of the arm and towards the respective joints to be actu-
ated within the robotic arm.
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[0131] Also in this embodiment the robotic arm 201
provides for a first and a second proximal portion, the
latter indicated in this case with 131 and which is ar-
ranged, during use, substantially orthogonal to the lon-
gitudinal axis X of an introducer body 603 which will be
described hereinafter.

Exemplifying method forthe insertion of the hybrid robotic
arms thorough the introducer body

[0132] With reference to Figures 22A to 25, the follow-
ing is a description of the preferred methods for introduc-
ing the hybrid robotic arms described above into the body
of the patient.

[0133] In the embodiment considered in this case, an
introducer body 603 modified with respect to the one de-
scribed previously with reference to the serial structure
of the arms will be used. Such introducer body 603 is
inserted into the abdominal cavity of the patient, exem-
plified with a curved line L in Figures 22A and 22B.
[0134] Theintroducerbody 603 has anoperating chan-
nel which allows the passage of the surgical arms and
the auxiliary instruments. Guides for facilitating the inser-
tion of the surgical arms can be formed on the walls of
such operating channel.

[0135] In the embodiment shown in figures 22A-22C,
a front incision means 620, whose function is to create
an opening for the insertion of the introducer body 603
or facilitate insertion thereof in cases where the opening
was already present can be associated, and in particular
removably associated, to the introducer body 603 de-
scribed above. Upon terminating the insertion of the in-
troducer body 603, the incision means can open to allow
the insertion of the arms or be removed directly, as shown
in Figure 22C.

[0136] The introducer body also has locking means,
intended for reference and rigid positioning of the arms,
which are indicated in their entirety with 608 and better
shown in Figure 22D. As shown in this figure, locking
means 608 comprise a plurality of elongated elements,
typically in form of a rod indicated with 609, housed at
the inner walls of the introducer body 603 and extended
longitudinally parallel to the latter and thus to the longi-
tudinal axis X of the introducer body. Each rod 609 bears,
at a distal end thereof, a lateral hooking element or pro-
jection 610, so as to form a substantially L-shaped con-
figuration of the rod. In the present embodiment, there
are provided six rods 609, approached two by two for
locking the same robotic arm, and distributed on the cir-
cumference of the introducer body 603.

[0137] The rods 609 slide along and rotate around a
longitudinal axis thereof substantially parallel to the lon-
gitudinal axis X of the introducer body, so that the hooking
elements 610 can be translated and rotated outwards
with respect to the introducer body 603 and not hinder
the insertion of the arms through them.

[0138] With reference to Figure 22E, after inserting the
arm, the element 610 for hooking the corresponding pair
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can be rotated once again and receded so as to engage
them in special seats 611 formed on the proximal portion
131 of the arm, firmly restraining it to the introducer body
603. The rods 609 are thus locked on the introducer body
603 after hooking the corresponding arm, so as to com-
plete the retention of said arm on the introducer body 603.
[0139] The introducer body 603 can then be con-
strained to an external structure capable of orienting and
holding it at the desired position.

[0140] Getting further into the detail of the method for
inserting the arms, once the introducer body 603 is po-
sitioned and the hooking elements 610 are rotated out-
wards with respect to the introducer body 603 as men-
tioned beforehand, an arm 201, 202 can be inserted one
at a time, as shown in Figures 23A and 23B. During in-
sertion, the arm 201 has a particular configuration for
aligning the relative joints adapted to reduce the overall
dimensions and hence facilitate insertion into the intro-
ducerbody 603, shown in said figure. The guides possibly
present on the walls of the introducer body facilitate such
insertion.

[0141] AsshowninFigures 23C and 24, uponreaching
the correct position the arm is opened and rotated at the
proximal portion 131 (and in particular at the joint 1 and
a proximal joint 1’ thereof) so as to be hooked to the
introducer 603 through the elements 610. Once the ro-
botic arm has been positioned, the lumen of the introduc-
er body is once again free for the insertion of other arms
which follow the same procedure, as shown in Figure 25.
[0142] It shall be understood that the substantial dif-
ference between the device 103 of Figure 1 and the de-
vice 603 considered in this case lies in the fact that the
introducer 103 has a common hooking system for all ro-
botic arms. This implies that replacing a robotic arm re-
quires removing all of them. However, it has an advan-
tage lying in the fact that it is easy to construct and hence
less expensive and more practical.

[0143] The introducer 603 may replace each arm with-
out necessarily requiring removing the other arms (which
can thus continue operating without being influenced by
the replacement). This is due to the fact that each robotic
arm has its own anchoring system, independent from the
others.

[0144] As shown still in Figure 25, a third arm compris-
ing a vision system 104 is inserted besides the two arms
in hybrid configuration.

[0145] The arm dedicated to the vision system not only
reveals lesser problems in terms of forces to be trans-
mitted and accuracy of the movements but it can also
have a lower number of degrees of freedom with respect
to the robotic arms expressly studied for performing sur-
gery.

[0146] Upon terminating the procedure for inserting all
the arms, a free operating channel is present within the
introducer 603 for possibly allowing the use of comple-
mentary surgical instruments.

[0147] The configuration described above allows re-
placing the arms (for example to change the character-
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istics of the tool) regardless of the presence or absence
of other components of the apparatus.

[0148] In the variation shown in the Figures 26A and
26B, the introducer body, still indicated with 603, further
comprises, at the distal end thereof, a structure that can
be deployed in a substantially flower-like manner, i.e.
three projections 605 rotatably connected on the basic
body along the circumference thereof and selectively ac-
tuable to pass the introducer body 603 from a minimum
overall dimension configuration shown in Figure 26A,
wherein such projections are enclosed on the basic body,
to adeployed configuration shownin Figure 26B, wherein
the projections are rotated outwards. This second con-
figuration is adapted to allow the introduction of one or
more hybrid arms into the abdominal cavity.

[0149] The hybrid parallel/serial solution for the struc-
ture of the robotic arm has the advantage of a greater
rigidity of the system, a reduction of the mechanical clear-
ances and the possibility of allowing providing cable ac-
tuation more easily. In particular, with respect to an en-
tirely serial kinematic solution the hybrid solution allows
providing an actuation system in which one or more mo-
tors are positioned outside the robot and the patient in
an easier manner. This is due to the fact that taking the
power from the motors to the distal degrees of freedom
requires traversing a smaller number of joints of the kin-
ematic chain of the robot.

Some further possible embodiments

[0150] In the embodiments and variations described
above, the robotic arms are actuated through mechanical
transmission means such as for example cables, rota-
tional or translational axes as described above. A partic-
ular technical solution can also provide for the use of
pipes with pressurized fluids for the actuation of particular
movements, such as for example opening and closing
forceps or other instruments.

[0151] Atthis point, it should thus be observed that the
robotic system of the invention, particularly in the previ-
ously described embodiments:

H can be efficiently equipped with at least two arms,
to perform bimanual surgery with a dexterity of the
single arm comparable to the Da Vinci systems in
terms of technical specifications;

M it is capable of accomplishing performances sim-
ilar to the Da Vinci system in terms of dexterity, op-
erating speed and force on the end-effector, simul-
taneously reducing the invasiveness of the proce-
dure due to the single access port approach;

M it allows, with the presence of a lumen (0-30 mm)
within the introducer body, the passage of additional
instruments, such as a suture needle and thread,
haemostatic sponge, sensors, etc, avoiding further
incisions in the body of the patient;

M it allows implementing, due to the on-board actu-
ation of the arm of the distal degrees of freedom, a
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force feedback by reading the current absorbed by
the motors (not present in the current robotic surgery
platforms);

M it allows, due to the mechanical solutions pro-
posed for the anthropomorphic serial arm (for exam-
ple stellar references for the cable actuation of the
shoulder, the linear translational actuation for the
proximal degrees of freedom, the mechanism for
pre-stretching the cables in small spaces, the divi-
sion of the elbow axis into two parts, the differential
mechanism located in the wrist), that the overall di-
mensions can guarantee insertion thereof through
one hole, simultaneously guaranteeing the desired
specific performance;

B thanks to the hybrid parallel/serial solution of the
arm, a greater rigidity, it ensures a higher accuracy
and fluidity of movement and a greater implementa-
tion simplicity for the cable-actuation;

Ml thanks to the hooking mechanism it guarantees a
rigid support for the arms, whereby the latter can be
introduced sequentially exploiting the entire inner lu-
men (exploiting the entire inner diameter allows each
arm to maximise the space available for the mech-
anisms and actuators);

B the hooked mechanism also allows fixing more
than two arms at a time, replacing only one or more
if required (replacing the surgical instrument), and
selecting the most advantageous space arrange-
ments (in terms of work space and triangulation of
the instruments) to complete the specific surgery;
H according to the invention, the robotic arms find,
by fixing to the introducer body and due to the pres-
ence of the locking element, an efficient support on
which they can discharge the forces of their end ef-
fectors, thus achieving a high operating reliability..

[0152] Anotherimportant aspect lies in the fact that an
actually bimanual behaviour of the system is accom-
plished in this case.

[0153] The apparatus of the invention is preferably ap-
plied in the abdominal district surgery. A possible specific
application of the proposed system is represented by bar-
iatric surgery for curing pathological obesity.

[0154] The present invention has been described with
reference to preferred embodiments. However, other
embodiments related to the same inventive concept can
be provided without departing from the scope of the in-
vention as defined by the appended claims.

Claims

1. Robotic arm (101, 102; 201, 202) especially suited
for minimally invasive surgery operations, in partic-
ular laparoscopic surgery, comprising a torsional
joint (6) and a flexural joint (5) serially arranged, said
joints (5, 6) providing respective degrees of freedom
for said arm,
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- said robotic arm receiving, or being capable to
receive drive means (38, 39) for said flexural (5)
and torsional (6) joints,

- said robotic arm further comprising transmis-
sion means (340, 350, 34-36) placed between
said drive means (38, 39) and said joints (5, 6),

said robotic arm being characterized in that said
transmission means comprise afirst(340) and a sec-
ond (350) assembly of three gear wheels, preferably
of the conical type, and a train of three additional
gear wheels (34-36) preferably straight-cut gear
wheels, which couple said first (340) and second
(350) assembly to form a differential mechanism.

The robotic arm (101, 102; 201, 202) according to
the previous claim, wherein the gear wheels of each
of said first (340) and second (350) assembly are
arranged to form a substantially C-shaped structure,
adjacent wheels having mutually orthogonal rotation
axes, in which a side wheel (343, 353) of each as-
sembly has a rotation axis substantially parallel to
an axis (U) of said torsional joint (6) and an interme-
diate wheel (342, 352) of each assembly has a ro-
tation axis substantially parallel to, or coinciding with
an axis (W) of said flexural joint (5).

The robotic arm (101, 102;) according to the claim 1
or 2, wherein the three wheels (34-36) of said train
are arranged serially.

The robotic arm (101, 102; 201, 202) according to
any one of the previous claims, equipped with a plu-
rality of articulation joints (1-6) arranged serially.

The robotic arm (201, 202) according to any one of
the claims 1 to 3, comprising, in a proximal relation-
ship to said differential mechanism:

- a proximal basis (450),

- a distal portion (45), actuable in a plurality of
degrees of freedom relative to said proximal ba-
sis (450), and

- a plurality of articulated segments (471, 472)
arranged in parallel between said proximal basis
(450) and said distal portion (45), each of said
segments being articulated to said base (450)at
its proximal end and to said distal portion (45)
at its distal end and being further provided with
an intermediate articulation,

- the overall arrangement being such that said
distal portion (45) is provided with three trans-
lational degrees of freedom with respect to said
proximal basis (450)

6. The robotic arm (201, 202) according to claim 5,

wherein said articulated segments (471, 472) are
three.
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The robotic arm (201, 202) according to the claim 5
or 6, wherein said articulated segments (471, 472)
are actuated or actuable at said articulation to said
proximal basis (450).

The robotic arm (201, 202) according to any one of
the claims 5 to 7, wherein said distal portion (45) is
further provided with three rotational degrees of free-
dom with respect to the parallel structure formed by
said articulated segments (471, 472).

The robotic arm (101, 102; 201, 202) according to
any one of the previous claims, comprising an oper-
ative tool (109) arranged distally.

The robotic arm (101, 102; 201, 202) according to
the previous claim, wherein said operative tool is pro-
vided with an additional degree of freedom.

Robotic apparatus for minimally invasive surgery op-
eration (100), in particular laparoscopic surgery,
comprising:

- a robotic arm (101, 102; 201, 202) according
to any one of the previous claims;
-anintroducerbody (103;603) for being inserted
through the patient skin to provide an access
port to the surgical site, said introducer body
(103; 603) being formed with a internal longitu-
dinal duct having a proximal inlet section and a
distal outlet section and is suited for allowing the
passage of said articulated arm (101; 201)
through said introducer body (103; 603), and

- locking means (115, 117; 608) for making a
proximal part (111; 121; 131) of said articulated
arm (101;201) integral to said introducer body
(103; 603).

The apparatus (100) according to the previous claim,
comprising a front incision means (620) inserted or
movably insertable in said introducer body (603) and
suitable to help inserting said body in the patient.

The apparatus (100) according to the claim 11 or 12,
wherein said locking means comprise a locking ele-
ment (114; 609) insertable in said longitudinal duct
of said introducer body (103; 603), said locking ele-
ment (114; 609) being capable of being made inte-
gral with said introducer body (103; 603) and a prox-
imal part (111; 131) of said arm (101).

The apparatus (100) according to the previous claim,
wherein said locking element (114; 609) has an elon-
gated shape.

The apparatus (100) according to claim 13 or 14,
wherein said locking element (114; 609) is formed
with at least a side projection (115; 610) and said
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articulated arm (101;201) has a corresponding seat
for housing said side projection (115; 609).

The apparatus (100) according to the previous claim,
wherein said side projection is a hooking tooth (610).

The apparatus (100) according to any one of claims
11 to 16, wherein the overall arrangement is such
that, when said locking element (114) is inserted in
said introducer body (103), two longitudinal side pas-
sages (119, 120) are defined within said body at the
outside of said locking element (114).

The apparatus (100) according to any one of the
claims 13 to 17, comprising means for driving said
locking element (114; 609) in a linear and/or rotary
motion, arranged, in use, at the outside of said intro-
ducer body (103; 603).

The apparatus (100) according to any one of the
claims 11 to 18, wherein said locking means (608)
comprise a pair of locking longitudinal rods (609) for
said or each robotic arm (201, 202).

The apparatus (100) according to the previous claim,
wherein said rods (609) are arranged lengthwise par-
allel along the periphery of said introducer body
(603).

Patentanspriiche

1.

Roboterarm (101, 102; 201; 202), speziell geeignet
fir minimal invasive chirurgische Operationen, ins-
besondere laparoskopische Chirurgie, enthaltend
ein Torsionsgelenk (6) und ein Biegegelenk (5), die
seriell angeordnet sind, wobei die Gelenke (5, 6) je-
weilige Freiheitsgrade fir den Arm bereitstellen, wo-
bei

- der Roboterarm Antriebseinrichtungen (38, 39)
aufnimmt oder geeignet ist, Antriebseinrichtun-
gen (38, 39) aufzunehmen, flr die Biege- (5)
und Torsionsgelenke (6),

- der Roboterarm ferner Transmissionseinrich-
tungen (340, 350, 34 - 36) enthalt, die zwischen
den Antriebseinrichtungen (38, 39) und den Ge-
lenken (5, 6) platziert sind,

wobei der Roboterarm dadurch gekennzeichnet
ist, dass die Transmissionseinrichtungen eine erste
(340) und eine zweite Baugruppe (350) von drei
Zahnradern, vorzugsweise des konischen Typs, und
einen Zug von drei zusatzlichen Zahnradern (34 -
36), vorzugsweise gerade geschnittene Zahnrader,
enthalten, die die erste (340) und zweite Baugruppe
(350) koppeln, um einen Differentialmechanismus
zu bilden.
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2,

Roboterarm (101, 102; 201; 202) nach dem vorher-
gehenden Anspruch, wobei die Zahnrader jeder der
ersten (340) und zweiten Baugruppe (350) angeord-
net sind, um eine im Wesentlichen C-férmige Struk-
tur zu bilden, wobei benachbarte Rader gegenseitig
orthogonale Drehachsen haben, wobei ein Seiten-
rad (343, 353) jeder Baugruppe eine Drehachse im
Wesentlichen parallel zu einer Achse (U) des Torsi-
onsgelenks (6) hat und ein Zwischenrad (342, 352)
jeder Baugruppe eine Drehachse im Wesentlichen
parallel zu oder zusammenfallend mit einer Achse
(W) des Biegegelenks (5) hat.

Roboterarm (101, 102) nach Anspruch 1 oder 2, wo-
bei die drei Rader (34 - 36) des Zuges seriell ange-
ordnet sind.

Roboterarm (101, 102; 201, 202) nach einem der
vorhergehenden Anspriiche, ausgestattet mit einer
Mehrzahl von Artikulationsgelenken (1 - 6), die seriell
angeordnet sind.

Roboterarm (201, 202) nach einem der Anspriiche
1 bis 3, enthaltend in einer proximalen Relation zu
dem Differentialmechanismus:

- eine proximale Basis (450),

- einen distalen Teil (45), der in einer Mehrzahl
von Freiheitsgraden relativ zu der proximalen
Basis (450) betatigbar ist, und

- eine Mehrzahl von artikulierten Segmenten
(471,472), die parallel zwischen der proximalen
Basis (450) und dem distalen Teil (45) angeord-
netsind, wobeijedes der Segmente an derBasis
(450) an seinem proximalen Ende und an dem
distalen Teil (45) an seinem distalen Ende an-
gelenkt ist und ferner mit einer Zwischenartiku-
lation versehen ist, wobei

- die Gesamtanordnung so ist, dass der distale
Teil (45) mitdrei Translationsfreiheitsgraden be-
zliglich der proximalen Basis (450) versehen ist.

Roboterarm (201, 202) nach Anspruch 5, wobei die
artikulierten Segmente (471, 472) drei sind.

Roboterarm (201, 202) nach Anspruch 5 oder 6, wo-
bei die artikulierten Segmente (471, 472) an der Ar-
tikulation an der proximalen Basis (450) betatigt wer-
den oder betatigbar sind.

Roboterarm (201, 202) nach einem der Anspriiche
5 bis 7, wobei der distale Teil (45) ferner mit drei
Rotationsfreiheitsgraden bezlglich der parallelen
Struktur versehenist, die durch die artikulierten Seg-
mente (471, 472) gebildet ist.

Roboterarm (101, 102; 201, 202) nach einem der
vorhergehenden Anspriiche, enthaltend ein opera-
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tives Werkzeug (109), das distal angeordnet ist.

Roboterarm (101, 102; 201; 202) nach dem vorher-
gehenden Anspruch, wobei das operative Werkzeug
mit einem zusatzlichen Freiheitsgrad versehen ist.

Robotervorrichtung (100) zur minimal invasiven chi-
rurgischen Operation, insbesondere laparoskopi-
sche Chirurgie, enthaltend:

- einen Roboterarm (101, 102; 201, 202) gemaf
einem der vorhergehenden Anspriche,

- einen Einfuhrkorper (103; 603), um durch die
Haut des Patienten eingefiihrt zu werden, um
einen Zugangsport zu dem Chirurgieort bereit
zu stellen, wobei der Einflihrkorper (103; 603)
mit einer internen langlichen Leitung ausgebil-
det ist, die eine proximale Einlasssektion und
eine distale Auslasssektion hatund geeignetiist,
den Durchgang des artikulierten Arms (101,
201) durch den Einflhrkorper (103; 603) zu ge-
statten, und

- Verriegelungseinrichtungen (115, 117; 608),
um einen proximalen Teil (111; 121; 131) des
artikulierten Arms (101, 201) integral mit dem
Einfihrkorper (103; 603) zu machen.

Vorrichtung (100) nach dem vorherigen Anspruch,
enthaltend Frontschnitteinrichtungen (620), die ein-
gesetzt oder beweglich einsetzbar sind in den Ein-
fuhrkdrper (603) und geeignet sind, um zu helfen,
den Korper in den Patienten einzusetzen.

Vorrichtung (100) nach Anspruch 11 oder 12, wobei
die Verriegelungseinrichtungen ein Verriegelungse-
lement (114; 609) enthalten, das in die langliche Lei-
tung des Einfliihrkorpers (103; 603) einsetzbar ist,
wobei das Verriegelungselement (114; 609) in der
Lage ist, mit dem Einfiihrkérper (103; 603) und ei-
nem proximalen Teil (111; 131) des Arms (101) in-
tegral gemacht zu werden.

Vorrichtung (100) nach dem vorherigen Anspruch,
wobei das Verriegelungselement (114; 609) eine
langliche Form hat.

Vorrichtung (100) nach Anspruch 13 oder 14, wobei
das Verriegelungselement (114; 609) mit wenigs-
tens einem Seitenvorsprung (115; 610) ausgebildet
ist und der artikulierte Arm (101; 201) einen entspre-
chenden Sitz zum Aufnehmen des Seitenvor-
sprungs (115; 610) hat.

Vorrichtung (100) nach dem vorherigen Anspruch,
wobei der Seitenvorsprung ein einhakender Zahn

(610) ist.

Vorrichtung (100) nach einem der Anspriiche 11 bis
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16, wobei die Gesamtanaordnung so ist, dass, wenn
das Verriegelungselement (114) in den Einfihrkor-
per (103) eingesetzt ist, zwei langliche Seitendurch-
gange (119, 120) innerhalb des Korpers an der Au-
Renseite des Verriegelungselements (114) definiert
sind.

Vorrichtung (100) nach einem der Anspriiche 13 bis
17, enthaltend Einrichtungen zum Betreiben des
Verriegelungselements (114; 609) in einer linearen
und/oder Drehbewegung, im Gebrauch angeordnet
an der AuRenseite des Einflihrkérpers (103; 603).

Vorrichtung (100) nach einem der Anspriiche 11 bis
18, wobei die Verriegelungseinrichtungen (608) ein
Paar von verriegelnden langlichen Staben (609) fur
den oder jeden Roboter-arm (201, 202) enthalten.

Vorrichtung (100) nach dem vorherigen Anspruch,
wobei die Stabe (609) in Langsrichtung parallel langs
der Peripherie des Einflihrkdrpers (603) angeordnet
sind.

Revendications

Bras robotique (101, 102 ; 201, 202) particuliére-
ment adapté pour des opérations de chirurgie mini
invasive, en particulier de chirurgie laparoscopique,
comprenant un joint de torsion (6) et un joint de
flexion (5) disposés en série, lesdits joints (5, 6) four-
nissant au dit bras des degrés de liberté respectifs,

« ledit bras robotique recevant, ou étant apte a
recevoir, des moyens d’entrainement (38, 39)
pour lesdits joints de flexion (5) et de torsion (6),
« ledit bras robotique comprenant en outre des
moyens de transmission (340, 350, 34-36) dis-
poseés entre lesdits moyens d’entrainement (38,
39) et lesdits joints (5, 6),

ledit bras robotique étant caractérisé en ce que les-
dits moyens de transmission comprennent des pre-
mier (340) et second (350) assemblages de trois
roues d’engrenage, de préférence de type conique,
et un train de trois roues d’engrenage additionnelles
(34-36) de préférence des roues d’engrenage paral-
lele, qui couplent lesdits premier (340) et second
(350) assemblages pour former un mécanisme dif-
férentiel.

Le bras robotique (101, 102 ; 201, 202) selon la re-
vendication précédente, ou les roues d’engrenage
de chacun des dits premier (340) et second (350)
assemblages sont agencées pour former une struc-
ture sensiblement en forme de C, des roues adja-
centes ayant des axes de rotation mutuellement or-
thogonaux, parmi lesquelles une roue latérale (343,
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353) de chaque assemblage présente un axe de ro-
tation sensiblement paralléle a un axe (U) du dit joint
de torsion (6) et une roue intermédiaire (342, 352)
de chaque assemblage présente un axe de rotation
sensiblement paralléle a, ou coincidant avec, un axe
(W) du dit joint de flexion (5).

Le bras robotique (101, 102) selon I'une des reven-
dications 1 et 2, ou les trois roues (34-36) du dit train
sont montées en série.

Le bras robotique (101, 102 ; 201, 202) selon I'une
quelconque des revendications précédentes, équi-
pé d’une pluralité de joints d’articulation (1-6) montés
en série.

Le bras robotique (201, 202) selon I'une quelconque
des revendications 1 a 3, comprenant, en relation
proximale avec ledit mécanisme différentiel :

* une base proximale (450),

* une partie distale (45), actionnable selon une
pluralité de degrés de liberté par rapport a ladite
base proximale (450), et

* une pluralité de segments articulés (471, 472)
agenceés en paralléle entre ladite base proxima-
le (450) et ladite partie distale (45), chacun des
dits segments étant articulé sur ladite base (450)
en son extrémité proximale et sur ladite partie
distale (45) en son extrémité distale et étant en
outre muni d’une articulation intermédiaire,

* la disposition globale étant telle que ladite par-
tie distale (45) présente trois degrés de liberté
en translation par rapport a ladite base proxima-
le (450).

Le bras robotique (201, 202) selon la revendication
5, ou lesdits segments articulés (471, 472) sont au
nombre de trois.

Le bras robotique (201, 202) selon I'une des reven-
dications 5 et 6, ou lesdits segments articulés (471,
472) sont actionnés ou actionnables au niveau de
ladite articulation sur ladite base proximale (450).

Le bras robotique (201, 202) selon I'une quelconque
des revendications 5 a 7, ou ladite partie distale (45)
présente en outre trois degrés de liberté en rotation
par rapport a la structure en paralléle formée par
lesdits segments articulés (471, 472).

Le bras robotique (101, 102 ; 201, 202) selon I'une
quelconque des revendications précédentes, com-
prenant un outil opérationnel (109) situé de fagon
distale.

Le bras robotique (101, 102 ; 201, 202) selon la re-
vendication précédente, ou ledit outil opérationnel
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présente un degré de liberté additionnel.

Appareil robotique pour une opération de chirurgie
mini invasive (100), en particulier pour chirurgie la-
paroscopique, comprenant :

* un bras robotique (101, 102 ; 201, 202) selon
'une quelconque des revendications
précédentes ;

»un corps introducteur (103 ; 603) destiné a étre
introduit a travers la peau d’un patient pour mu-
nir le site chirurgical d’'un port d’acces, ledit
corps introducteur (103 ; 603) étant formé d’un
conduit longitudinal interne ayant une section
d’entrée proximale et une section de sortie dis-
tale et étant apte a permettre le passage du dit
bras articulé (101 ; 201) dans ledit corps intro-
ducteur (103 ; 603), et

» des moyens de blocage (115, 117 ; 608) pour
faire en sorte qu’'une partie proximale (111 ;
121 ; 131) du dit bras articulé (101 ; 201) fasse
partie intégrante du dit corps introducteur (103 ;
603).

L’appareil (100) selon la revendication précédente,
comprenantdes moyens d’incision frontaux (620) in-
sérés ou insérables de fagon mobile dans ledit corps
introducteur (603) et aptes a aider l'introduction du
dit corps dans le patient.

L’appareil (100) selon I'une des revendications 11
et 12, ou lesdits moyens de blocage comprennent
un élément de blocage (114 ; 609) insérable dans
ledit conduit longitudinal du dit corps introducteur
(103 ; 603), ledit eléement de blocage (114 ; 609)
étant apte a faire partie intégrante du dit corps intro-
ducteur (103 ; 603) et d’'une partie proximale (111 ;
131) du dit bras (101).

L’appareil (100) selon la revendication précédente,
ou ledit élément de blocage (114 ; 609) présente une
forme oblongue.

L’appareil (100) selon I'une des revendications 13
et 14, ou ledit élément de blocage (114 ; 609) com-
porte au moins une projection latérale (115 ; 610) et
ou ledit bras articulé (101 ; 201) présente un siege
correspondant pour loger ladite projection latérale
(115;609).

L’appareil (100) selon la revendication précédente,
ou ladite projection latérale est une dent d’accrocha-
ge (610).

L’appareil (100) selon I'une quelconque de revendi-
cations 11 a 16, ou la disposition globale est telle
que, quand ledit élément de blocage (114) estinséré
dans ledit corps introducteur (103), deux passages
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latéraux longitudinaux (119, 120) sont définis dans
ledit corps a I'extérieur du dit élément de blocage
(114).

L’appareil (100) selon I'une quelconque des reven-
dications 13 a 17, comprenant des moyens pour
commander ledit élément de blocage (114 ; 609) se-
lon un mouvement linéaire et/ou en rotation, agen-
cés, en utilisation, a I'extérieur du dit corps introduc-
teur (103 ; 603).

L’appareil (100) selon I'une quelconque des reven-
dications 11 a 18, ou lesdits moyens de blocage
(608) comprennent une paire de barres de blocage
longitudinales (609) pour ledit ou chaque bras robo-
tique (201, 202).

L’appareil (100) selon la revendication précédente,
ou lesdites barres (609) sont disposées longitudina-
lement et en paralléle le long de la périphérie du dit
corps introducteur (603).
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