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APPARATUS, SYSTEM, AND METHOD FOR ROBOTIC MICROSURGERY

CROSS-REFERENCE TQ RELATED APPLICATION

18001} The present application claims the benefit of U.S. Provisional Application
No. 61/295,153, filed on January 14, 2810, the disclosure of which is incorporated hercin by

reference in its entirety.

FIELD OF THE INVENTION

{8062] The invention relates generally to the field of microsurgery. More

particularly, the tnvention relates to minimally invasive robotic microsurgery.

BACKGROUND

1606061 Mimmally invasive surgery has benefited from a shift to robotic
procedures rather than standard instrument in hand techniques. Specifically, laparoscopic
procedures such as general surgery, urology, cardiovascular surgery and gynecology have
benefited from teleoperated robotic surgery providing increased safety and faster recovery
tirne.  However, standard laparoscopic devices are typically not suitable for mimimally
invasive microsurgery. o particular, the bulkiness of previous robotic designs generally
prevents the positioning of two or more surgical instruments with remote centers of motion in
close proximity for microsurgery,

10002} It is against this background that a need arose to develop the apparatus,

sysiern, and method for robotic microsurgery described herein.

SUMMARY

1606063] (e aspect of the wvention relates to a system for microsurgery. In one
embodiment, the system comprises a first assembly and a second assembly, each including:
{1} a planar remote center of motion device configured to coustrain motion of a surgical
instrument attached to the planar remote center of motion device such that an axis of the
surgical nstrurnent passes through a remote center of motion while remaining in a planar
region defined based on a rotational orientation of the planar remote center of motion device;
and (2} a rotational device attached to the planar remote center of motion device and
configured such that an axis of rotation of the rotational device passes through the remote

center of motion, where the rotational orientation of the planar remote center of motion
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device is defined about the axis of rotation. The first assembly and the second assembly are
confligured to be positioned such that a distance between the rernote center of motion of the
first assembly and the remote center of motion of the second assembly is no greater than two
contimeters,

180641 Another aspect of the ioveution relates to a method of countrolling motion
of surgical mstruments. In one embodiment, the method comprises: (1) positioning a first
device and a second device such that a first remote center of motion associated with the first
device and a second remote center of motion associated with the second device are
matttained as spatially separate and in close proximity for microsurgery; {2) attaching a first
surgical instrument to the first device, where the first device constrains motion of the first
surgical mstrument such that an axis of the first surgical instrument passes through the first
remote center of maotion; (3} attaching a second surgical instrument to the second device,
where the second device constrains motion of the second surgical instrument such that an axis
of the second surgical 1nstrument passes through the second remote center of motion; and (4)
rotating the first device and the second device, while maintaining spatial separation between
the first device aud the second device and between the first surgical instrument and the
second surgical instrument based on a first rotational orientation of the first device and a
second rotational orientation of the second device.

{3005] (ther aspects and embodiments of the invention are also contemplated.
The foregoing summary and the following detailed description are not meant to resirict the
invention to any particular embodiment but are merely meant to deseribe some embodiments

of the mmvention,

BRIEY DESCRIPTION OF THE DRAWINGS

[0006] For a betier understanding of the nature and objects of some embodiments
of the invention, reference should be made to the following detailed deseription taken in
conjunction with the accompanying drawings.

1606067] FIG. 1 llustrates a systern for robotic microsurgery, according o an
embodiment of the invention;

{8008] FIG. 2 illustrates a planar remote center of motion device, according to an

embodiment of the invention;
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{8009] FIG. 3 dlustrates a planar remote center of motion device attached to a
rotational device, according to an embodiment of the invention;

[8018] FIG. 4 illustrates a top view of a first remote center of motion assembly
positioned adjacent to a sccond remote center of motion assembly, according to an
cmbodiment of the invention;

{8011y FIG. 5 illustrates a top view of a first remote center of motion assembly
positioned adjacent to a second remote center of motion assembly, where the two assemblies
are in an offset configuration, according to an embodiment of the invention;

{8012} FIG. 6A through FIG. 6B illustrate a remote center of motion assembly
including a carriage mounted to a substantially semi-circular track, where the carriage holds
multiple surgical instruments, according to an embodiment of the mvention;

[6013] FIG. 6C illustrates a remote center of motion assembly inchuding multiple
carriages mounted to a substantially senu-circular track, according to an embodiment of the
invention;

{8014 FIG. 7 illustrates a first remote center of motion assembly positioned
adjacent to a second remote center of motion assembly and oriented 180 degrees opposed to
the second remote center of motion assembly, where cach of the two assemblics include a
carriage mounted to a substantially semi-circular track, according to an embodiment of the
nvention;

[8015] FIG. 8 llustrates a top view of the first remote center of motion assembly
of FIG. 7 positioned adjacent to the second remote center of motion assembly of FIG. 7 and
oricnted substantially parallel to the second remote center of motion assembly, according to
an embodiment of the invention;

{8016} FIG. 9 illustrates a top view of a first remote center of motion assembly
and a second remote center of motion assembly, where each of the two assemblies 1s mounted
to an XYZ stage, according to an embodiment of the invention;

{8017} FIG. 10A through FI1G. 10C illustrate perspective views of the first remote
center of motion assembly of FIG. 7 positioned adjacent to the second remote center of
maotion assembly of FIG. 7, according to an embodiment of the invention;

[6618] FiG. 11 illustrates a head restraint for use in the system for robotic

microsurgery, according to an embodiment of the invention; and

(O8]
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{8319] FIG. 12 ilustrates a computer included i a system for robotic

microsurgery, according to an embodiment of the mnvention.

DETAILED DESCRIPTION

Definitions

[80620] The following definitions apply to some of the aspects described with
respect to some embodiments of the invention. These definitions may hikewise be expanded
upon herein,

{80211 As used herein, the singular terms “a,” “an,” and “the” include plural
referents unless the context clearly dictates otherwise. Thus, for example, reference to an
object can include multiple objects unless the context clearly dictates otherwise.

{00221 As used herein, the term “set” refers 1o a collection of one or more objects.
Thus, for example, a set of objects can include a single object or multiple objects. Objects of
a sct also can be referred to as members of the set. Objects of a set can be the same or
different. In sorue usiances, objects of a set can share one or more common characteristics.

[8023] As used herein, the term “adjacent” refers to being near or adjoining.
Adjacent objects can be spaced apart from one another or can be in actual or direct contact
with one another. In some instances, adjacent objects can be coupled to one another or can
be formed integrally with one another.

[6624] As used herein, the terms “substantially” and “substantial” refer to a
considerable degree or extent. When used 1n conjunction with an event or circumstance, the
terms can refer to instances i which the event or circamstance occurs precisely as well as
instances in which the cvent or circumstance occurs to a close approximation, such as
accounting for typical tolerance levels or variability of the embodiments described herein,

5

[8025] As used herein, the terms “optional” and “optionally” mean that the
subsequently described event or circumstance may or may not occur and that the description

includes instances where the event or circumstiance occurs and instances in which it does not,

Description of Embodiments of the Invention

[6026] Attention first turns to FIG, 1, which iHustrates a system 110 for robotic

roicrosurgery, according to an embodiment of the invention. In the system 110, a surgeoun
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manipulates controls 112, A computer 114 (further described with reference to FIG. 12)
processes inputs received from the controls 112, a visualization system 116, and sensors 118,
The visualization system 116 may perform imaging of a patient and/or the patient’s
environment. The sensors 118 may monitor the patient and/or the patient’s environment.
Based on processing by the computer 114, outputs are provided to a microsurgical assembly
120, and may also be provided to the surgeon. The surgeon may manipulate the controls 112
based on patient information provided by the visualization system 116 and/or outputs
provided by the computer 114. For example, the surgeon may observe the surgery through
the visualization systern 116 and correspondingly manipulate the conirols 112, The
microsurgical assembly 120 is a mechanical assembly controlled by the computer 114, In
one cmbodiment, the microsurgical assembly 120 sclects surgical instruments 101 and
applies the surgical instruments 101 to the patient in response to commands from the
computer 114, The microsurgical assembly 120 may include a manipulator including robotic
arms, each of which can translate, rotate, and otherwise manipulate one or more of the
surgical mstruments 101. The microsurgical assembly 120 may include feedback control
loops 124 to stabilize motion of the surgical mstraments 181, such as by rejecting undesivable
external disturbances.

{8027} In one embodiment, the countrols 112 may be part of a control console.
The control console may house a visualization and control interface from the surgeon to
interact with the microsurgical assernbly 120 and the surgical site. The visualization and
control interface may include a viewfinder allowing several views, eg., global, angled,
zoorned, intra-organ/endoscopic, and stercoscopic, There may be controls to switch between
these views to allow the surgeon to visualize the surgical field appropriately.

{8028 The control console may also include two joysticks. By manipulating the
two joysticks, the surgeon can operate the microsurgical assembly 120 to precisely
manipulate the surgical instruments 101, For the surgeon to operate the microsurgical
assembly 120 mntuitively, the joysticks should provide the same degrees of freedom as the
manipulators of the microsurgical assembly 120 that are being controlled by the joysticks.
For external surgical procedurcs the joysticks can have six degrees of freedom, three
translational and three rotational, to allow for independent control of all axes of motion.
During internal surgical procedures, the joysticks can have at most four degrees of freedom,

one transiational and three rotational, to allow motions inside of the patient while enforcing a
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remote center of motion. In one embodiment, the joysticks can have fewer than four degrees
of freedom, such as two degrees of freedom, one translational and one rotational, or three
degrees of freedom, one translational and two rotational.  Although the moticns of the
surgical instruments 101 may be scaled to provide higher accuracy than that achievable by
the surgeon alone, the divections of the wmotions specified by the surgeon should be
maintained by the microsurgical assembly 120. Also, the joysticks should be balanced in the
seuse that i the surgeon lets go of a joystick, the joystick stays in posttion. This prevents the
manipulators, and hence the surgical instruments 101, from moving undesirably if the
surgeon releases the joystick,

{8028] The manipulator of the microsurgical assembly 120 may have two or more
robotic arms. If the manipulator has more than two arms, the control console may allow the
surgeon to select the arms to be controlled by the surgeon, and to correspondingly switch the
controls, including but not limited to the joysticks.

{80361 In one embodiment, the control console may mclude one or more foot-
pedals. The foot-pedals may control position of visualization devices, actuation of the
devices used {(including both the surgical ionstruments 101 and other devices), and/or the
allowable degrees of freedom of the manipulators.

{8031} The visuahization system 116 may include a camera that allows the
surgeon to view the surgical field. The camera may convert an optical image of the surgical
field mnto a digital signal that can be provided to the computer 114 for processing. The
visualization system 116 may also include a microscope such as an ophthalmic microscope,
an cndoscope, and other visuahization tools used for microsurgery. The visualization system
is not huimited to providing optical images of the patient. In ove embodiument, the
visualization system 116 may also include instruments corresponding to other imaging
modalities, including but not limuted to X-ray, CT, OCT, and MRL

[6632] The sensors 118 include any sensors that monitor the patient or the
patient’s environment. For example, the sensors 118 may detect and measure motion by the
patient. In one embodiment, such as for ophthalmic microsurgery, the sensors 118 may be
associated with a head restraint (further described with reforence to FIGS, 11 and 12).

[8033] The surgical mstruments 101 are tools for using and/or manipulating
tissues, drugs, fluids, ight or other cnergy beams, data, and solid bodies (such as a needle or

a toreign body) during a surgical procedure. The surgical instruments 101 may include but
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are not limited to forceps, scissors, cauterizers, manipulators, choppers, hooks, canmula such
as infusion cannula, calipers, clamps, lens, needles, needle holders, blades, spatulas, syringes,
vitreous cutters, endoscopes, light sources including but not limited to light probes and laser
probes, sensors, and cameras.

18034] The microsurgical assembly 120 is further described with reference to
FiG. 2 through FIG. 10, FIG. 2 illustrates a planar remote center of motion device 100,
according to an embodiment of the invention. The microsurgical assembly 120 {(see FIG. 1)
may include a planar remote center of motion device 100 that may hold and/or otherwise be
attached to the surgical mstrument 101, The planar remote center of motion device 100
constrains motion of the surgical instrument 101 such that an axis 105 of the surgical
instrument 101 remains in a planar region. In one embodiment, the planar remote center of
motion device 100 constrains the surgical mstrument 101 such that the axis 105 of the
surgical instrument 101 cannot translate or rotate out of the planar region. The planar remote
center of motion device 100 may include one or more rotational joints 102 and/or prismatic
joints 103, These joints may be oriented in a serial fashion, a parallel fashion, or both. The
planar remote center of motion device 100 13 also configured such that the surgical mstruroent
101 passes through a point in space referred to as a remote center of motion 104,

[0035] FIG. 3 ilustrates the planar remote center of motion device 100 attached to
a rotational device 200, according to an embodiment of the invention. In order to achieve a
remote center of motion assembly 210 capable of microsurgical procedures, the planar
remote center of motion device 100 is mounted to a rotational device 200 such that the axis of
rotation 201 of the rotational device 200 substantially passes through the remote center of
raotion 104 of the plavar remote center of motion device 100, The rotational device 200 caun
rotate the planar remote center of motion device 100, and hence the surgical instrument 101,
about the axis of rotation 201. In the configwration of FIG. 3, the planar region
corresponding to the planar remote center of motion device 100 is therefore defined based on
a rotational orientation of the planar remote center of motion device 100 defined about the
axts of rotation 201.

[6036] Referring to FIGS, 2 and 3, the remote center of motion 104 18 at a
location on the axis 105 of the surgical instrument 101, such that motion of the surgical
instrument 101 1s subject to this location remaining stationary with respect fo the patient, with
the exception of motion along an wnas 105 of the sargical instrument 101, For exaruple, this

nny
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location remains stationary with respect to the patient when the surgical instrument 107 1s
rotated about an axis passing through the remote center of motion 104, The location of the
remote center of motion 104 may be at a penetration site of the patient, or may be elsewhere,
depending on the type of surgery. For cxample, the remote center of motion 104 may be
euforced for internal microsurgery, and may be disengaged for external moicrosurgery. Inone
embodiment, the surgical instrument 101 may have a single translational degree of freedom
along the axis 105, For exariple, motion of the surgical instrument 101 along a first direction
of the axis 105 may be to penetrate the patient, and motion along a second direction of the
axis 105 opposite to the first direction may be to withdraw from the penctration site. The
surgical instrument 101 may also have up to three rotational degrees of freedom. For
exammple, the planar remote center of motion device 100, and hence the surgical mstrument
101, may be rotated about the axis of rotation 281, The planar remote center of motion
device 100 may also rotate the surgical device 101 about an axis substantially perpendicular
to the planar region, and about the axis 105 passing through the surgical instrument 101,

106371 The precision of enforcement of the remote center of motion 104 should fit
the surgical need. For example, for mternal microsurgery the remote center of motion 104
can be enforced with sub-millimeter precision. Precise control of the remote center of motion
104, by reducing unnecessary motion of the surgical mnstrument 101 at the penetration site of
the patient, can reduce damage to patient tissue resulting from surgery.

18038} In one embodiment, there may be a separate remote center of motion for
each surgical instrument 101, and these multiple remote centers of motion can be enforced
stimultancously, The remote center of motion 104 can be meodified during surgery, or can
rernain stationary throughout sargery. The remote ceuter of motion 104 may be controlled
mechanically, such as by control of the motion of the planar remote center of motion device
100, and/or by software executing on the computer 114 (further described with reference to
FI1G. 12},

[8039] To perform microsurgery, two of the remote center of motion assemblics
210 are typically used. In microsurgery, the tissue being operated on, e.g., the eve during
ocular microsurgery, 18 typtcally small. As a result, the remote centers of motion 104 of the
two remote center of motion assemblies should be spatially separate and in close proximity
for microsurgery. In onc embodiment, the remote centers of motion 104 of the two remote

center of motion assemblies 210 should be separated by vo wore than 2 centimeters, such as
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in the range from about (1.5 centimeters to about 2 centimeters, from about 1 centimeter to
about 2 centimeters, and from about 1.5 centimeters to 2 centimeters. A microsurgical
assemibly 120 (see FIG. 1) including two remote center of motion assemblies 210 having
remote centers of motion 104 in close proximity would facilitate telemicrosurgery,
telernentoring, cooperative surgery, and automated intraocular microsurgical procedures.

{8040] FIG. 4 illustrates a top view of a first remote center of motion assembly
210A positioned adjacent to a second remote center of rotion asserubly 210B, according to
an embodiment of the invention. The first remote center of motion assembly 210A has a first
remote center of motion 104A on an axis of rotation 201A, and the second remote center of
motion assembly 210B has a second remote center of motion 1048 on an axis of rotation
201B. The first remote center of motion 104A and the second remote center of motion 1048
are separated by a distance 301, In FIG. 4, the two remote center of motion assemblies 210A
and 210B arc aligned such that rotational joints 102A and 102B and rotational joints 300A
and 300B of the assemblies 210A and 210B, respectively, are aligned 1o parallel. This
alignment of the two remote center of motion assemblics 210A and 210B is advantageous in
that the range of wotion of surgical instruments 101A and 101B remawms large, while
collision avoidance between the two assemblies 210A and 210B 18 essentially reduced to
comparing a first angle about the axis of rotation 201 A and a second angle about the axis of
rotation 2018 (further described with reference to FIG. 7). Alse, in FIG. 4, the two remote
center of motion assemblics 210A and 210B arc configured substantially symuetrically
relative to the axes 201A and 2018, respectively. In one embodiment, the distance 301 can
have a minimum value equal to a diameter 303 of the remote center of motion assembly 210,
The diameter 303 spans a body 308 of the remote center of motion assembly 210, and the
rotational joint 102. Due to the bulkiness of a typical remote center of motion assembly 210,
the munirmoum value of the distance 301 may still be larger than the desired spacing of the
remote centers of motion 104 for microsurgery.

[0041] Given that 1t 18 desirable to posttion the remote centers of motion 104A
and 1048 in close proximity, it may be advantageous to offset portions of the remote center
of motion assemblics 210 from the axes of rotation 201A and 2018, respectively, so that the
distance between the remote centers of motion 104A and 1048 can be smaller than the largest
diameter 303 of the remote center of motion assembly 210, FIG. § illustrates a top view of a

first remote center of motion asserubly 310A posttioned adjacent 1o a second remote center of
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motion assembly 310B, where the two assemblies 310 are in an offset configuration,
according to an embodiment of the invention. In one embodiment, a portion 312A of the first
remote center of motion assembly 310A is offset from the axis of rotation 201A, and a
portion 3128 of the seccond remote center of motion assembly 310B is offset from the axis of
rotation 201B. The portions 312A and 3128 may be offset from the axes 201A and 2018,

respectively, in opposite directions. By offsetting the portions 312A and 3128, a distance

Lo

(5 between the remote centers of motion 104A and 1048 can be reduced from the diameter
303, and therefore can be smaller than the distance 301, For example, in the configuration of
FIG. 5, the distance 305 can have a mintinmum value equal to a diameter 313 of rotational jomt
320, As aresult, the configuration of FIG. 5 allows for a minumum value of the distance 305
that is lcss than 2 centimeters, and is therefore within the range of desired spacing of the
remote centers of motion 104 for microsurgery.

16042} FIG. 6A through FIG. 6B illustrate a remote center of motion assembly
410 mchuding a carriage 402 mounted to a substantially semi-circular track 400, where the
carrtage 402 holds multiple surgical instruments 101, according to an embodiment of the
invention. Alternatively, the carriage 402 way bold a single surgical instrument 101, The
remote center of motion assembly has a remote center of motion 404 substantially located at
a center of the substantially semi-circular track 400, The positioning of the remote center of
motion 400 at the center of the substantially semi-circular track 400 simplifies enforcement
of the remote center of motion 404 as described with references to FIGS. 2 and 3. The
carriage 402 may be a prismatic joint. The semicircular track 400 is attached to a small
diameter shaft 401 pressed into a bearing 405, Referring to FIG. 6A, a surgical instrument
101A 18 attached to the carriage 402 such that it passes through a rotational axis 406 of the
shaft 401 and the remote center of motion 404. Referring to FIG. 6B, the surgical instrument
T01A 1s withdrawn from the remote center of motion 404 {(relative to the configuration of
FIG. 6A) through translation along its axis 105A. The surgical nstrument 1018 passes
through the rotational axis 406 and the remote center of motion 404, having been translated
along its axis 1058 relative to the configuration of FIG. 6A.

[8043] In one embodiment, the remote center of motion asserubly 410 provides
one translational and three rotational degrees of freedom for the surgical instruments 101,
stinilar to the remote center of motion assembly 210 of FIG. 3. In addition to translation

along the axes 105 and rvotation about the axis 406, the surgical instruroents 101 can be
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rotated about the axes 105 through the surgical instruments 101. Through translation of the
carriage 402 along the substantially semi-circular track 400, the surgical mstruruents 101 can
also be rotated about an axis substantially perpendicular to a planar region defined by the axis
406 and the axes 105,

18044 FIG. 6C illustrates the rewote center of motion asserubly 410 including
multiple carriages 402A and 402C mounted to the substantially semi-circular track 400,
according to an erbodiment of the invention.  The positioning of the carriages 402A and
402C on the substantially semi-circular track 400 simplifies maintenance of spatial
separation, e.g. prevention of collisions, between the carriages 402A and 402C. A position of
the carriage 402 A on the track 400 may be defined by a first angle 410, and a position of the
carrtage 402C on the track 400 may be defined by a second angle 412, In one embodiment, a
controller {not shown} may countrol the first angle 410 and the second angle 412 to maintain
spatial separation between the carriages 402A and 402C. The controller may maintain spatial
separation between the carriages 402A and 402C by comparing the first angle 410 and the
second angle 412, taking into account the angular width of the carriages 402ZA and 402C on
the track 400, For example, the controller may control the first angle 410 and the second
angle 412 such that the absolute value of the difference between the first angle 4160 and the
second angle 412 is greater than at least halt the sumn of the angular widths of the carriages
402A and 402C on the track 400. Alternatively, software executing on the computer 114 may
perform this control.

[8045] In one embodiment, multiple surgical instruments 1801 may be attached to
cach carriage 402 in order to facililate a complete surgical procedure without any manual
intervention to change instrumenis, As shown 1n FIG, 6, the surgical nstruments 101 are
attached to the carriage 402 such that when moved axially they pass through the remote
center of motion 404, The carviage 402 may include a universal cartridge allowing the use of
any instrument, whether disposable or reusable. The carriage 402 may have one standard
interface, capable of holding the cartridge and supplying utilities common to surgical
instruments, e.g., vacuum, video, light, laser, etc. Each cartridge is made o hold the required
surgical mstrument on one side and to fit the standard interface on the other side.

10646] In one embodiment, the surgical instruments 101 are held in a magazine
that allows the appropriate mnstrument to be staged for an mstrument change, During an

instrument change, an wstrument may be removed from the carriage 402 and may be
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replaced by an instrument from the magazine. Also, the instrument from the magazine may
then be replaced by the mstrument from the carriage 402, This may be done in a sterile
environment, and may be automated.

16047} FIG. 7 tllustrates a first remote ceonter of motion assembly 410A positioned
adjacent to a second remote ceuter of motion assembly 4108 aund oriented 180 degrees
opposed to the second remote center of motion assembly 4108, where cach of the two
assemblies 410 include the carnages 402A and 4028 mounted to substantially semi-civcular
tracks 400A and 4008, according to an embodiment of the invention. Similar to FIGS. 6A
through 6C, the tracks 400A and 400B are attached to small diameter shafts S01A and 501B
pressed into bearings 503 A and 503B, respectively, and connected to motors 5060, The tracks
400A and 400B can be rotated about the axes of rotation 406A and 4068, which pass through
the shafts 501A and 5018, respectively. To place to remote centers of motion 404A and
4048 within close proximity of cach other, the two symmetrically opposite assemblies 410A
and 410B may be placed next to each other such that the axes of rotation 406A and 4068 of
the shafts 501 A and 501B are parallel. Similar to the previous discussion with reference to
FIG. 5, a portion of the shaft 501 A is offset from the axis of rotation 406A to clear the motor
5008, so that a distance 522 between the remote centers of motion 404A and 4048 can be
smaller than a diameter 524 of the motors 500, The offset may be in the direction from the
axis of rotation 4008 to the axis of rotation 406A, Because of the offcet, the closest that the
remote centers of motion 404A and 4048 can be 18 a diameter 520 of the bearings 503, which
is typically smaller than the diameter 524.

[8048] In one cmbodiment, the shafts 501A and 501B may be driven by
crankshafts. The crankshatts way extend from the motors 580 to the bearings 503, This may
be advantageous because there is little or no added slip or backlash. Alternatively, the shafis
501A aund 5018 may be driven by belts, friction duives, or gears.

{3049] In one embodiment, passive dampers or active actuators can be attached to
the shafts 501, In teleoperated microsurgical applications, actuators are used., During
cooperative surgical instrument manipulation, actuators or passive dampers can be used to
reduce surgical tremor,

[8058] FIG. 8 illustrates a top view of the first remote center of motion assembly
410A of FIG, 7 positioned adjacent to the sccond remote center of motion assembly 4108 of

FIG. 7 and oriented substantially parallel to the second remote center of motion assembly
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4108, according to an embodiment of the invention. Referring to FIG. §, in one embodiment
the motor 5008 of the reruote center of motion asserbly 410B may cross the axis of rotation
406 A of the remote center of motion assembly 4104,

160651 The configuration of FIG. 7 allows for a large range of motion needed
during many microsurgical procedures. The surgical wstrurnents 101 can be oriented such
that their conterlines 105 lie in a single plane 502. In this configuration, the absolute vaiue of
the difference between the first angle 510 about the axis of rotation 406A and the second
angle 512 about the axis of rotation 4068 s 180 degrees. Referring to FIG. 8, the surgical
instruments 101 may also be configured such that they lie in parallel planes 600 which are
separated by the diameter 520 of the bearings 503. In this configuration, the absohite value
of the difference between the first angle 510 about the axis of rotation 406A and the sccond
angle 512 about the axis of rotation 4068 may be 0 degrees.

{00521 Referring to FIGS. 7 and 8, in one embodiment, a controller (not shown)
ray control the first angle 510 and the second avgie 512 to maintain spatial separation
between the carriages 402A and 402B. The controller may maintain spatial separation
between the carriages 402A and 4028 by comparing the first angle 510 and the second angle
512. In one cmbodiment, the distance 522 between the remote centers of motion may be
configured such that in the configuration of FI1G. §, the carriages 402A and 4028 are barely
in physical contact. For example, the controller may control the first angle 510 and the
second angle 512 such that the first angle 510 1s less than the second angle 512
Alternatively, depending on the reference from which the first angle 510 and the second
angle 512 are measured, the controller may control the first angle 510 and the second angle
512 such that the first angle 510 18 greater than the second angle 512, Allernatively, software
executing on the computer 114 may perform this control.

16053] In the configuration of FIGS. 7 and 8, through translation of the carriages
402 along the substantially semi-circular track 400, the surgical instruments 101 have a
rotational range of motion of up to approximately 180 degrees about an axis substantially
perpendicular to a planar region defined by the axes 406 and the axes 105, This range of
motion may be reduced if there arc multiple carriages 402 disposed on the samc track 400,
and may be further reduced by the positioning of human tissue during surgery. The surgical
instruments 101 have a rotational range of motion about the axes 406 and the axes 105 of up

to 360 degrees. These range of motion may be reduced by the posttioning of human tissue
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during surgery. The ranges of motion made possible by the configuration of FIGS. 7 and 8 1s
sufficient for microsurgical applications, for which a rotational range of motion of at lcast
150 degrees may be desirable.

[6054] FIG. 9 illustrates a top view of the first remote center of motion assembly
410A and the second remote center of motion assembly 4108, where each of the two
assemblies 410 is mounted to an XYZ stage 700, according to an embodiment of the
invention. During surgery it may be desirable to move the remote center of motion. This
involves moving the asserublies 410A and 410B with respect to the patient. This can be
accomplished by mounting cach of the asserublies 410A and 410B to s corresponding XY Z
stage 700A and 7008, respectively. To prevent each XYZ stage 700 from colliding with the
opposing assembly or stage, cach XYZ stage 700 can be mounted such that, for example, the
XY 7 stage TO0A is behind the assembly 410A and flush with the bearing surface 702 facing
the opposing assembly 4108.

{B055] FIG. 10A through FIG. 100 illustrate perspective views of the first remote
center of motion assembly 410A of FIG. 7 positioned adjacent to the seccond remote center of
motion assembly 410B of FIG. 7, according to an embodiment of the invention. These views
show examples of the range of rotational motion of the remote center of motion assemblics
410,

{8056] FIG. 11 illustrates a head restraint 1100 for use in the system 110 for
robotic microsurgery, according to an embodiment of the mvention. The head restramnt 1100
may be configured to be attached to a patient so that motion of the head restraint 1100
corresponds to motion of the head of the patient. In one cmbodiment, a controller may be
configured to move the remote center of motion assemblies 410 (see FIG. 7) based on the
motion of the restraint 1100, such that the remote centers of motion 404 (see FIG. 7) move
corresponding to the motion of the patient. The controller may damp and/or otherwise
perform filtering to control the motion of the remote centers of motion 404 in response to the
motion of the restraint 1160, In one embodiment, if motion of the patient detected by the
restraint 1100 exceeds a threshold, the controller may abort the surgery. Alternatively,
software executing on the computer 114 may perform this control,

[8057] FIG. 12 ilhustrates the computer 114 included in the system 110 for robotic
microsurgery, according to an embodiment of the mvention,  As described previously with

reference to FIG. 1, the computer 114 receives inputs frova the controls 112 manipulated by
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the surgeon. A pre-processor module 1200 processes the inputs from the controls 112, A
result of this processing may be a determumation that a surgical instrumaent change has been
requested (described previcusly with reference to FIG. €).  In addition, the pre-processor
module 1200 may determine that the surgeon has requested translation and/or rotation motion
of a surgical wstruruent, and may provide this foput to a path planner module 1202, The path
planner module 1202 may also receive input from the sensors 118, For cxample, sensors
associated with the head restraint 1100 (see FIG. 11) may report motion of the patient’s head.
The path planner module 1202 may also recetve input from a remote center of motion tracker
module 1206 and an asiomated motion deterrmner module 1208, The path planner module
1202 takes these various inputs into account when determining what input to provide to the
maotion controller module 1204,

[0658] In one embodiment, the remote center of motion tracker module 1206 may
estimate motion of the remote center of motion duce to, for example, patient motion. This
estimation may be based oun features extracied by a feature extractor module 1210, The
feature oxtractor module 1210 may cxtract features from digital images based on image
processing and/or machine vision algorithms known to oue of ordinary skill in the art. To one
embodiment, the automated motion deternmuner module 1208 may control automatic motion
of one or more robotic arms of the microsurgical assembly 120, For example, the automated
motion determiner module 1208 may track the site of a surgical procedure with an endoscope
using a robotic arm of the microsurgical assernbly 120, This tracking may be based on
features extracted by the feature extractor module 1210, In this example, the feature extractor
module 1210 may exiract features trom digital images provided by the endoscope.

18059] ln one embodiment, the graphics generator module 1212 may geoerate
images for viewing by the surgeon. For example, the gencrated images may be composite
images highlighting areas of interest detected by the feature extractor module 1210, These
generated images may provide the surgeon with an enhanced view of the surgical ficld.

[80606] In one crabodiment, the path planner module 1202 requests motion of the
microsurgical assembly 120 based on the motion requests from the surgeon, the remote center
of motion tracker module 1206, and the automated motion determiner module 1208, This
reference trajectory provided by the path planner module 1202 is then tracked precisely by
the motion controller 1204 using, for example, feedback countrol algorithius known to one of

ordinary skill in the art.
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{80611 In one embodiment, the computer 114 includes standard components, such
as nput/output interfaces, a central processing unit, and memory. The memory includes
executable instructions establishing the various modules described with reference to FIG. 12.
The modules shown in FIG. 12 are cxemplary. The function of individnal modules may be
combined. In addition, the modules may be distributed across a network,

[8062] An embodiment of the invention relates to a computer storage product
with a computer-readable wedium having coroputer code thercon for performing various
computer-implemented operations. The term “computer-readable medimm”™ is used herein to
include any medium that is capable of storing or euncoding a sequence of mstructions or
computer codes for performing the operations described herein. The media and computer
code may be those specially designed and constructed for the purposes of the mvention, or
they may be of the kind well known and available to those having skill in the computer
software arts. Examples of computer-readable media include, but are not limited to:
roaguetic media such as hard disks, floppy disks, and waguetic tape; optical media such as
CD-ROMs and holographic devices; magneto-optical media such as floptical disks; and
hardware devices that are specially configared to store and execute program code, such as
application-specific integrated circuits ("ASICs™), programmable logic devices (“PLDs™),
and ROM and RAM devices. Examples of computer code mclude machine code, such as
produced by a compiler, and files containing higher-level code that are executed by a
compuicr using an inferpreter or a compiler. For example, an embodiment of the invention
may be implemented using Java, U4+, or other object-oriented programming language and
development tools,  Additional examples of computer code include encrypted code and
compressed code. Moreover, an emboditnent of the tovention may be downloaded as a
computer program product, which may be transferred from a remote computer {e.32., a server
compuier) to a requesting computer {e.g., a chent computer or a different server computer)
via a transmission channel. Anocther embodiment of the invention may be implemented in
hardwired cirenitry in place of, or in combination with, machinc-cxecutable software
instructions.

[6063] While the invention has been described and illustrated with reference to
specific embodiments thereof, these descriptions and illustrations do not limit the invention.
it should be understood by those skilled in the art that various changes may be made and

equivalents may be substituted without departing from the true spuit and scope of the
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invention as defined by the appended claims. The illustrations may not be necessarily be
drawn to scale, and manufacturing tolcrances may result in departure from the artistic
renditions berein. There may be other embodiments of the present invention which are not
specifically illustrated. Thus, the specification and the drawings arc to be regarded as
ittustrative rather than restrictive. Additionally, the drawings illustrating the embodiments of
the present invention may focus on certain major characteristic features for clanty.
Furthermore, modifications may be made to adapt a particular situation, matenal,
composition of matter, method, or process to the objective, spirit and scope of the invention.
All such modifications are intended to be within the scope of the claims appended hercto, In
particular, while the methods disclosed herein have been described with reference to
particular operations performed in a particular order, it will be understood that these
operations may be combined, sub-divided, or re-ordered to form an equivalent method
without departing from the teachings of the invention. Accordingly, unless specifically

indicated herein, the order and grouping of the operations are not himitations of the invention,
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What is claimed is;

I. A systens for microsurgery comprising:
a first assembly and a sccond assembly, each including:

a planar remote center of wotion device configured to constrain wotion of a
surgical instrument attached to the planar remote center of motion device such that an axis of
the surgical instrument passes through a remote center of motion while remaining tn a planar
region defined based on a rotational orientation of the planar remote center of motion device;
and

a rotational device attached to the planar remote center of motion device and
confligured such that an axis of rotation of the rotational device passes through the remote
center of motion, wherein the rotational orientation of the planar remote center of motion
device is defined about the axis of rotation;

wherein the first assembly and the second assembly are configured to be positioned
such that a distance between the remote conter of motion of the first assembly and the remote

center of motion of the second assembly 1s vo greater than two centimeters.

2. The system of claim 1, whercin the first assembly 18 configured to be positioned
adjacent to the second assembly such that at least a portion of the planar remote center of
maotion device of the first assembly 18 offset from the axis of rotation of the rotational device
of the first assembly.

3. The system of claum 1, wherein the first assembly 1s configured to be positioned
adjacent to the second assembly such that at least a portion of the planar remote center of
motion device of the fivst assembly and at least a portion of the planar remote center of

motion device of the second assembly are offset in opposite directions.
4. The system of claim 1, wherein the first assembly is configured to be positioned

adjacent to the second assembly such that at least a portion of the rotational device of the first

assemibly s offset from the axis of rotation of the rotational device of the first assembly.
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5. The system of claim 4, wherein the at least a portion of the rotational device of the
{irst assembly 15 offset from the axis of rotation of the rotational device of the first assembly
in a direction from the axis of rotation of the rotational device of the second assembly to the

axis of rotation of the rotational device of the first assembly.

6. The system of claim 4, wherein:

the rotational device of the second assembly includes a motor having a diameter
greater than the distance between the remote center of motion of the first assembly and the
rernote center of motion of the sccond assermbly; and

the at least a portion of the rotational device of the first assemibly includes a shaft,

wherein the shafl is offset {0 accommodate the motor.

7. The system of claim 1, wherein:

the planar remote center of wotion device of the first assembly includes a carriage
mounted to a substantially semi-circular track;

the carriage is coufigured to be attached to a plarality of surgical instruments
including the surgical instrument; and

cach of the plurality of surgical fnstruments is constrained to pass through the remote
center of motion of the first assembly.
g. The system of claim 7, wherein the plurality of surgical mnstruments includes at least

one of a light source, a laser probe, an infusion cannula, and a vitreous cutier.

9. The system of claim 1, further comprising a controller that maintains spatial
separation between the planar remote center of motion device of the first assembly and the
planar remote center of motion device of the second assembly by controlling the rotational
oricntation of the planar remote conter of motion device of the first assembly and the

rotational ortentation of the planar remote center of motion device of the second assembly.

16, The system of claim 9, wherein:
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the rotational orientation of the planar remote center of motion device of the first
asscmbly about the axis of rotation of the rotational device of the first assembly s defined by
a first angle;

the rotational orientation of the planar remote center of motion device of the second
assembly about the axis of rotation of the rotational device of the second assembly is defined
by a second angle; and

the controller controls the rotational ovientation of the planar remote center of wotion
device of the first assembly and the rotational orientation of the planar remote center of

motion device of the second assembly such that the first angle 1s less than the second angle.

11, The system of claim |, wherein:

the planar remote center of motion device of the first assembly includes a first
carriage and a second carriage mounted to a substantially semi-circular track; and

cach of the first carniage and the second carnage is configured to be attached to a
surgical instrument constrained to pass through the remote center of motion associated with

the planar remote center of motion device of the first assembly.

12. The system of claim 11, wherein:

a first position of the first carriage on the substantially semi-circular track is defined
by a first angle;

a second position of the second carriage on the substantially semi-circular track is
defined by a second angle; and

the plavar remote center of motion device further fuclades a controller that maintains
spatial separation between the first carriage and the second carriage by controlling the first

angle and the second angle,

3. The system of claim 1, wherein:

the rotational device of each of the first assembly and the second assembly includes a
first portion having a diameter less than the distance between the remote center of motion of
the first assembly and the remote center of motion of the second asserably; and

the axis of rotation of the rotational device of the first assembly s substantially

parallel to the axis of rotation of the rotational device of the second asserbly,
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14, The sysiern of claim 1, wherein the planar remote center of motion device is

configured to translate, rotate, and actuate the surgical instrument.

15.  The system of claim 1, further comprising:

a restraint configured to be attached to a patient, wherein motion of the restraint
corresponds to motion of the patient; and

a controtler configured to move the first assembly and the second assembly based on
the motion of the restraint, such that the remote center of motion of the first assembly and the
remote center of motion of the second assembly move corresponding to the motion of the

patient.

6. A method of controlling motion of surgical instruments, comprising:

positioning a first device and a second device such that a first remote center of motion
associated with the first device and a second remote center of motion associated with the
second device are maintained as spatially separate and i close proximity for microsurgery;

attaching a first surgical instrument to the first device, wherein the first device
constrains motion of the first surgical instrument such that an axis of the first surgical
instrument passes through the first remote center of motion;

attaching a second surgical mstrument to the second device, wherein the second
device constrains motion of the second surgical instrument such that an axis of the second
surgical instrument passes through the second remote center of motion; and

votating the fivst device and the second device, while roaintaining spatial separation
between the first device and the second device and between the first surgical istrument and
the second surgical instrursent based ou a first rotational oricutation of the furst device and a

second rotational orientation of the second device.

17. The method of claim 16, wherein:
the first rotational orientation is defined by a first angle about a first axis of rotation;
the second rotational orientation is defined by a second angle about a second axis of

rotation; and
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maintaining spatial separation between the first device and the second device and
between the first surgical instrument and the second surgical instrument includes controlling
the rotational orientation of the first device and the rotational orientation of the second device

such that the first angle is less than the second angle.

18. The method of claim 16, wherein:

the fust device wnchudes a first carriage and a second carriage mounted to a
substantially semi-circular track;

at least one of the first carriage and the second carriage is configured o be attached to
the first surgical instrament;

a first position of the first carriage on the substantially semi-circnlar track 1s defined
by a first angle;

a second position of the second carriage on the substantially semi-circular track is
defived by a second angle; and

positioning the first device includes maintaining spatial scparation between the first

carriage and the second carriage by controlling the first angle and the second angle.

19, The method of claim 16, wherein:

the first device inchudes a first portion having a diameter greater than a distance
between the first remote center of motion and the second remote center of motion; and

the second device includes a second portion that is offset to clear the first portion of

the first device.

28.  The method of claim 16, wherein positioning the first device and the second device
includes maintaining a distance of no greater than two centimeters between the first remote
center of motion associated with the first device and the second remote center of motion

associated with the second device.
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