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INSTRUMENTS FOR MINIMALLY INVASIVE SURGICAL PROCEDURES
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September 30, 2014, U.S. Provisional App. No. 62/088,103 filed on December 5, 2014, U.S.
Provisional App. No. 62/088,160 filed on December 5, 2014, U.S. Provisional App. No.
62/113,163 filed on February 6, 2015, U.S. Provisional App. No. 62/121,108 filed on February
26, 2015, and U.S. Provisional App. No. 62/232,654 filed September 25, 2015. The entire

content of cach of the foregoing applications is hereby incorporated by reference.

GOVERNMENT LICENSE RIGHTS
[0002] This invention was made with government support under Contract No. FA8721-
05-C-0002 awarded by the United States Air Force. The government has certain rights in the

invention.

TECHNICAL FIELD
[0003] The present disclosure generally relates to various surgical instruments and their

applications in minimally invasive surgeries.

BACKGROUND
[0004] There remains a need for improved devices, systems, and methods for minimally

invasive surgical procedures.

SUMMARY

[0005] A variety of tools and techniques are provided to support removal of ligamentum
flavum in a spinal canal and other, similar tissue removal procedures.

[0006] A method may include providing a model of a surgical canal of a patient, where
the surgical canal includes a surgical entry point, a supporting tissue region, a soft tissue region,
and a surgical target, and the surgical canal has a curvature. The method may further include
forming a surgical tool having a distal tip into a compound curve, where the compound curve

includes at least a first bend positioned to provide a point of contact between the surgical tool
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and the supporting tissue region of the surgical canal when the distal tip is positioned for a
procedure on the surgical target, thereby providing mechanical support for a position of the distal
tip, and the compound curve includes a second bend positioned to direct the distal tip toward the
surgical target.

[0007] Implementations may have one or more of the following features. The model may
include a two-dimensional image of the surgical canal. The two-dimensional image may be a
cross section of a spinal canal of a patient. The surgical tool may include at least one of an
endoscope and a cannula for the endoscope. The method may further include positioning a
balloon at a location between the surgical tool and the soft tissue region, inflating the balloon to
provide a soft barrier between the surgical tool and the soft tissue region, steering the distal tip of
the surgical tool, steering the distal tip toward the surgical target, steering the distal tip away
from the soft tissue region, steering the distal tip with a wire mechanically coupled through the
surgical tool from a control end to the distal tip or by applying an external magnetic field to
impart a force to move one or more magnets coupled to the surgical tool, and/or steering the
distal tip by rotating or translating one or more concentrically nested tubes within the surgical
tool having different curvatures or stiffnesses.

[0008] In an aspect, a device includes a surgical tool having a body, a control end, and a
distal end, where the body is shaped and sized for insertion past a sacral hiatus and into a spinal
canal of a patient, the control end is positioned outside the patient when the surgical tool is
positioned for use, and the distal end is positioned inside the spinal canal when the surgical tool
is positioned for use. The device may further include a compound curve in the body of the
surgical tool, where the compound curve includes at least a first bend positioned to provide a
point of contact between the surgical tool and a supporting tissue region of the spinal canal when
a distal tip of the distal end is positioned for a procedure on a surgical target within the spinal
canal, thereby providing mechanical support for a position of the distal tip, and the compound
curve includes a second bend positioned to direct the distal tip toward the surgical target.

[0009] Implementations may have one or more of the following features. The first bend
may have a predetermined stiffness selected to deform to a native curvature of the spinal canal in
order to retain adequate mating contact between the body and a wall of the spinal canal in a
region between a first apex of the first bend and a second apex of the second bend to retain the

distal end in a fixed position relative to the surgical target. The predetermined stiffness may
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retain the second apex in contact with the wall of the spinal canal. The second bend may direct
the distal end toward the surgical target when the surgical tool is placed for use. The surgical tool
may include an endoscope or a cannula for an endoscope. The device may further include at least
one of a magnet coupled to the body near the distal end, a control wire coupled between the
control end and the distal end to control a positon of the distal end relative to the body, one or
more concentrically nested and curved tubes within the body operable to control a curvature of
the second bend, and one or more balloons coupled to an exterior of the body and inflatable to
move the body within the spinal canal. The body may have an outside diameter not greater than 3
mm. The device may further include a surgical laser and an optical fiber positioned to transmit
optical energy from the surgical laser through the body to the distal tip, and/or an electrosurgical
radio frequency device coupled to the distal end and operable for radio frequency ablation of the
surgical target.

[0010] In another aspect, a device includes a first tube having a proximal end for
manipulation during a surgical procedure, a distal end for insertion into a surgical site, a hollow
core, and an exit from the hollow core at the distal end. The device may also include a plurality
of flaps coupled to the distal end of the first tube, a second tube slidably disposed within and
concentric to the first tube, and a controller operably configured to move the plurality of flaps
relative to the first tube between an undeployed state where the plurality of flaps are contained
within a cross section normal to a longitudinal axis of the first tube and a deployed state where
the plurality of flaps are at least in part disposed outside of the cross section to provide a
mechanical separation between the distal end of the first tube and tissue surrounding a surgical
site.

[0011] Implementations may have one or more of the following features. The second
tube may include a plurality of elements that each mechanically mate with a corresponding
element on one of the plurality of flaps, such that sliding the second tube in a first direction
relative to the first tube causes the plurality of elements to engage the plurality of flaps and move
cach of the plurality of flaps from the undeployed state to the deployed state. Sliding the second
tube in a second direction opposite to the first direction may disengage the plurality of elements
from the plurality of flaps and an interior surface of the first tube urges the plurality of flaps into
the undeployed state. Each of the plurality of flaps may be spring-biased toward the deployed
state and the first tube retains the plurality of flaps in the undeployed state when the second tube
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is in an undeployed position. The plurality of flaps may be integrally formed with the first tube,
and/or bear a smoothly contoured shape free of sharp edges and corners. The device may further
include a laser surgical tool at the distal end of the first tube and coupled to a second controller at
the proximal end of the first tube, and/or an electrosurgical radio frequency device at the distal
end of the first tube and coupled to a second controller at the proximal end of the first tube. The
first tube may have a second hollow core parallel to the hollow core for one or more
supplemental tools. The device may further include an imaging element at the distal end, wherein
the one or more supplemental tools includes saline wash sourced through the second hollow core
and directed at the imaging element. The imaging element may include at least one of a digital
camera and an optical fiber for optically transmitting an image at the distal end to the proximal
end. The device may further include an illumination source at the distal end coupled to a power
and control source at the proximal end of the first tube, a mechanical locking mechanism at the
distal end configured to removably and replaceably receive a supplemental surgical tool, at least
one of a piercing tool, a cutting tool, a hooking tool, and a grasping tool coupled to the
mechanical locking mechanism, a protective shield at the distal end of the first tube formed of a
material selected to protect a surgical site from laser energy provided by a surgical laser
operating at the distal end of the first tube, at least one steering wire coupling the protective
shield to a second controller on the proximal end of the first tube to facilitate positional control
of the protective shield from the proximal end during a surgical procedure, one or more
concentrically nested and curved tubes within the first tube operable to control a curvature of the
first tube, at least one of a magnet coupled to the device near the distal end, a control wire
coupled between the proximal end and the distal end to control a positon of the distal end relative
to the proximal end, and one or more balloons coupled to an exterior of the first tube and
inflatable to move the first tube within a surgical cavity, and/or an endoscope positioned within
the first tube.

[0012] In yet another aspect, a device includes a first tube having a proximal end for
manipulation during a surgical procedure, a distal end for insertion into a surgical site, a hollow
core, and an exit from the hollow core at the distal end. The device may also include a second
tube slidably disposed and concentric with the first tube, the second tube having a distal end, a
plurality of flaps coupled to the distal end of the second tube, and a controller operably

configured to move the plurality of flaps relative to the second tube between an undeployed state
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where the plurality of flaps are contained within a cross section normal to a longitudinal axis of
the second tube and a deployed state where the plurality of flaps are at least in part disposed
outside of the cross section to provide a mechanical separation between the distal end of the
second tube and tissue surrounding a surgical site.

[0013] In another aspect, a device includes a flexible endoscopic device with a body
having a distal end for insertion into a surgical site and a proximal end for operator control, an
outer sheath disposed on the distal end of the body, an inner sheath disposed inside of and
concentric with the outer sheath on the distal end of the body, and a void disposed between the
outer sheath and the inner sheath on the distal end of the body, where the void is in fluid
connection with the proximal end of the body whereby a suction created at the proximal end of
the body creates a reduced pressure in the void between the outer sheath and the inner sheath on
the distal end of the body relative to an ambient pressure. The device may also include a cutting
tool rotatably disposed inside of and concentric with the inner sheath, where the cutting tool is
configured to rotate relative to the inner sheath, where rotation of the cutting tool in a first
direction about an axis extends a sharp edge of the cutting tool beyond a leading edge of the
inner sheath, and where rotation of the cutting tool in a second direction about the axis retracts
the sharp edge of the cutting tool such that it is fully sheathed by the leading edge of the inner
sheath. The device may further include a controller at the proximal end including a first control
to create suction at the proximal end of the body and a second control to rotate the cutting tool
relative to the inner sheath.

[0014] Implementations may have one or more of the following features. The device may
further include a vacuum source at the proximal end of the body coupled in fluid communication
with the void. The vacuum source may be configured to apply a variable vacuum force under
control of the controller. The controller may be configured to infer a vacuum sealed engagement
of the distal end with a surface based upon an amount of pressure created in the void by the
vacuum source. The controller may be configured to prevent operation of the cutting tool when
no vacuum engagement of the distal end to a surface is detected. The body may have a first
hollow core for a surgical device. The device may further include a laser surgical tool at the
distal end of the body and coupled to the controller at the proximal end through the first hollow
core, an electrosurgical radio frequency device at the distal end of the body and coupled to the

controller at the proximal end through the first hollow core, a second hollow core in the body
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parallel to the first hollow core for one or more supplemental tools, and/or an imaging element at
the distal end, wherein the one or more supplemental tools includes saline wash sourced through
the second hollow core and directed at the imaging element. The imaging element may include a
digital camera at the distal end. The imaging element may include an optical fiber for optically
transmitting an image at the distal end to the proximal end. The device may further include an
illumination source at the distal end coupled to a power and control source at the proximal end, a
mechanical locking mechanism at the distal end configured to removably and replaceably receive
a supplemental surgical tool, at least one of a piercing tool, a hooking tool, a cutting tool, and a
grasping tool coupled to the mechanical locking mechanism, a protective shield at the distal end
of the body formed of a material selected to protect the surgical site from laser energy provided
by a surgical laser operating at the distal end of the body, at least one steering wire coupling the
protective shield to a second controller on the proximal end of the body to facilitate positional
control of the protective shield from the proximal end during a surgical procedure, one or more
concentrically nested and curved tubes within the flexible endoscopic device to control a
curvature of a tool included therein, at least one of a magnet coupled to the device near the distal
end, a control wire coupled between the proximal end and the distal end to control a positon of
the distal end relative to the proximal end, and one or more balloons coupled to an exterior of the
body and inflatable to move the body within a surgical cavity, and/or an endoscope positioned
within the body.

[0015] In an aspect, an endoscopic device for surgical removal of ligamentum flavum
includes a body having a first end for insertion into a patient, a second end for controlling a
surgical procedure, and a hollow core within the body between the first end and the second end,
where the body is shaped and sized for insertion into a human spinal canal. The endoscopic
device may also include a camera on the first end, where the camera has a field of view
projecting from the first end and the camera coupled through the hollow core to a display on the
second end. The endoscopic device may further include a laser coupled to the second end and
operable to provide coherent light at an infrared wavelength selected to ablate ligamentum
flavum through fracturing of extracellular matrix due to thermal heating of water preferentially
over direct photodecomposition of extracellular matrix, and a fiber optic having a laser end
coupled to the laser to direct an output of the laser through the hollow core to the first end of the

body of the endoscopic device and out an output end toward a target within the field of view of
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the camera, the fiber optic including an optical element that focuses a beam exiting the output
end into a fluence spatial pattern having steep sides to reduce heating of peripheral non-ablated
tissue of a target surface exposed to the beam. The endoscopic device may also include a
controller coupled to the laser and programmed to deliver a sequence of pulses from the laser
through the fiber optic toward the target with a sufficient fluence for bulk tissue removal of
ligamentum flavum.

[0016] Implementations may have one or more of the following features. The optical
element may include a lens on the output end of the fiber optic that focuses the beam into a
diffraction limited beam, and or a low Numerical Aperture of the fiber optic selected to reduce
divergence of the beam at the output end of the fiber optic. The fluence spatial pattern may be a
substantially top-hat pattern, and/or have side lobes at least 30 dB below a peak of the fluence
spatial pattern. The laser may include a Ho:YAG laser, and/or outputs light at a wavelength of
about 2080 nanometers. The fiber optic may have a low hydroxyl content not exceeding two
parts per million. The endoscopic device may further include a Q-switch, where the controller is
configured to deliver pulses with a length of not more than 260 nanoseconds (full width half
maximum). The controller may be configured to deliver pulses with a length of not more than
140 microseconds (full width half maximum). The endoscopic device may further include a
saline source coupled to a saline output at the first end of the body, where the saline output is
directed toward the target at the output end of the fiber optic. The endoscopic device may further
include a steering mechanism to control a direction of the output end relative to the body of the
endoscopic device.

[0017] In another aspect, an endoscopic device for surgical removal of ligamentum
flavum includes a body having a first end for insertion into a patient, a second end for controlling
a surgical procedure, and a hollow core within the body between the first end and the second
end, the body shaped and sized for insertion into a human spinal canal. The endoscopic device
may also include a camera on the first end, the camera having a field of view projecting from the
first end and the camera coupled through the hollow core to a display on the second end. The
endoscopic device may further include a laser coupled to the second end and operable to provide
coherent light at an infrared wavelength selected to ablate ligamentum flavum through fracturing
of extracellular matrix due to thermal heating of water preferentially over direct

photodecomposition of extracellular matrix, a Q-switch within an optical resonator of the laser,
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the Q-switch operable to produce a pulsed laser output from the laser, an optical fiber having a
laser end coupled to the laser to direct an output of the laser through the hollow core to the first
end of the body of the endoscopic device and out an output end toward a target within the field
of view of the camera, and a controller coupled to the laser and the Q-switch and programmed to
deliver a sequence of Q-switched pulses from the laser through the optical fiber toward the target
with a sufficient fluence for bulk tissue removal of ligamentum flavum and with a pulse length
that is sufficiently short to prevent regions of reduced fluence in a beam exiting from the output
end from causing non-ablative heating damage to regions of tissue around a periphery of the
target.

[0018] Implementations may have one or more of the following features. The Q-switch
may include an acousto-optic attenuator. The laser may include a Ho:YAG laser. The optical
fiber may have a low hydroxyl content not exceeding two parts per million. The controller may
be configured to deliver pulses with a length of not more than 20 nanoseconds (full width half
maximum), configured to deliver pulses with a length of not more than 1 picosecond (full width
half maximum), and/or configured to deliver pulses with a length selected for athermal ablation
of ligamentum flavum. The endoscopic device may further include a steering mechanism to
control a direction of the output end relative to the body of the endoscopic device.

[0019] In yet another aspect, an endoscopic device for surgical removal of ligamentum
flavum includes a body having a first end for insertion into a patient, a second end for controlling
a surgical procedure, and a hollow core within the body between the first end and the second
end, the body shaped and sized for insertion into a human spinal canal. The endoscopic device
may also include a camera on the first end, the camera having a field of view projecting from the
first end and the camera coupled through the hollow core to a display on the second end, a laser
coupled to the second end and operable to provide coherent light at an ultraviolet wavelength
selected to ablate ligamentum flavum through direct photodecomposition of extracellular matrix
preferentially over fracturing of extracellular matrix due to thermal heating of water, a Q-switch
within an optical resonator of the laser, the Q-switch operable to produce a pulsed laser output
from the laser, an optical fiber having a laser end coupled to the laser to direct an output of the
laser through the hollow core to the first end of the body of the endoscopic device and out an
output end toward a target within the field of view of the camera, and a controller coupled to the

laser and the Q-switch and programmed to deliver a sequence of Q-switched pulses from the
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laser through the optical fiber toward the target with a sufficient fluence for bulk tissue removal
of ligamentum flavum.

[0020] Implementations may have one or more of the following features. The laser may
include a frequency quadrupled Nd:YAG laser, output light at a wavelength of about 266
nanometers, and/or output light at a wavelength less than 300 nanometers. The Q-switch may
include an acousto-optic attenuator. The optical fiber may have a high hydroxyl content not less
than 600 parts per million. The controller may be configured to deliver pulses with a length of
not more than 20 nanoseconds (full width half maximum), configured to deliver pulses with a
length of not more than 5 nanoseconds (full width half maximum), configured to deliver pulses
with a length of not more than 1 nanosecond (full width half maximum), configured to deliver
pulses with a length of not more than 1 picoseconds (full width half maximum), and/or
configured to deliver pulses with a length selected for athermal ablation of ligamentum flavum.
The endoscopic device may further include a standoff to enforce a minimum separation distance
between the output of the optical fiber and a target surface, and/or a saline source coupled to a
saline output at the first end of the body, where the saline output is directed toward the target at
the output end of the optical fiber. The endoscopic device may further include a saline source
coupled to a saline output at the first end of the body, the saline output directed toward the
camera on the first end. The endoscopic device may further include a steering mechanism to
control a direction of the output end relative to the body of the endoscopic device. The steering
mechanism may include at least one of a magnet coupled to the body near the first end, a control
wire coupled between the first end and the second end to control a curvature of the body, and one
or more balloons coupled to an exterior of the body and inflatable to move the body of the
endoscopic device within a surgical cavity. The steering mechanism may include a plurality of
concentrically nested and curved tubes within the body operable to control a curvature of the
body. The endoscopic device may further include a protective shield at the first end of the body
positioned to protect an area around the target from optical energy delivered by the laser, a
steering mechanism operable from the second end of the body to control a position of the
protective shield around the target, and/or one or more extendable flaps on the first end of the

body operable to displace tissue around the first end from the field of view of the camera.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0021] The foregoing and other objects, features and advantages of the devices, systems,
and methods described herein will be apparent from the following description of particular
embodiments thereof, as illustrated in the accompanying drawings. The drawings are not
necessarily to scale, emphasis instead being placed upon illustrating the principles of the devices,

systems, and methods described herein.

[0022] Fig
[0023] Fig
[0024] Fig

[0025] Fig.
[0026] Fig.
[0027) Fig.
[0028] Fig.
[0029] Fig.
[0030] Fig.
[0031] Fig.
[0032] Fig.
[0033] Fig.
[0034] Fig.
[0035] Fig.
[0036] Fig.
[0037) Fig.
[0038] Fig.
[0039] Fig.
[0040] Fig.
[0041] Fig.

. 1 shows a device traversing a surgical canal.

. 2 shows a device traversing a surgical canal.

. 3 shows a device traversing a surgical canal including a control wire.

4 shows a device traversing a surgical canal including magnetic control.

5 shows a device traversing a surgical canal including a balloon.

6 is a flowchart of a method for traversing a surgical canal.

7 shows a surgical tool in an undeployed state.

8 shows a surgical tool in a deployed state.

9 shows a surgical tool in a deployed state.

10 shows a deployment mechanism in an undeployed state.

11 shows a deployment mechanism in a deployed state.

12 shows a deployment mechanism in an undeployed state.

13 shows a surgical tool with a flexible coating.

14 shows a surgical apparatus.

15 shows a surgical apparatus with a surgical tool on a distal end thereof.

16 shows a surgical apparatus with a protective shield on a distal end thereof.
17 shows an endoscopic body with a plurality of flaps in an undeployed state.
18 shows an endoscopic body with a plurality of flaps in a deployed state.

19 shows an endoscopic device for removal of ligamentum flavum.

20 shows a fluence spatial pattern for a laser on a target surface.

DETAILED DESCRIPTION

[0042] The embodiments will now be described more fully hereinafter with reference to

the accompanying

figures, in which preferred embodiments are shown. All documents
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mentioned herein are hereby incorporated by reference in their entirety. References to items in
the singular should be understood to include items in the plural, and vice versa, unless explicitly
stated otherwise or clear from the context. Grammatical conjunctions are intended to express any
and all disjunctive and conjunctive combinations of conjoined clauses, sentences, words, and the
like, unless otherwise stated or clear from the context. Thus, the term “or” should generally be
understood to mean “and/or” and so forth.

[0043] Recitation of ranges of values herein are not intended to be limiting, referring
instead individually to any and all values falling within the range unless otherwise indicated
herein, and each separate value within such a range is incorporated into the specification as if it

2% ¢

were individually recited herein. The words “about,” “approximately,” or the like, when
accompanying a numerical value, are to be construed as indicating a deviation as would be
appreciated by one of ordinary skill in the art to operate satisfactorily for an intended purpose.
Ranges of values and/or numeric values are provided herein as examples only, and do not
constitute a limitation on the scope of the described embodiments. The use of any and all

2% ¢

examples, or exemplary language (“e.g.,” “such as,” or the like) provided herein, is intended
merely to better illuminate the embodiments and does not pose a limitation on the scope of the
embodiments or the claims. No language in the specification should be construed as indicating
any unclaimed element as essential to the practice of the embodiments.

2% ¢

[0044] In the following description, it is understood that terms such as “first,” “second,”
“top,” “bottom,” “up,” “down,” “backward,” “forward,” and the like, are words of convenience
and are not to be construed as limiting terms unless specifically stated to the contrary.

[0045] Described herein are devices, systems, and methods related to various surgical
instruments and their applications in minimally invasive surgeries such as laser removal of
ligamentum flavum from the spinal cavity as a surgical treatment for spinal stenosis. However, a
person of ordinary skill in the art will recognize that other applications are possible and that
applications of the systems and methods described herein are not limited to those explicitly
described in this disclosure. For example, the devices, systems, and methods described herein
may be used in other surgeries, particularly for surgeries involving removal of tissue with similar
properties to ligamentum flavum. At the same time, the techniques disclosed herein may be

adapted for removal of other tissue types through appropriate modifications of laser types, fiber

types, drive techniques, and so forth. The other non-laser-specific tools and features may also
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have broad applicability in other minimally invasive procedures. Other uses outside of the field
of surgery are also possible, including without limitation, other systems such as those used in the
field of plumbing, electrical systems, military or law enforcement applications, and so forth (e.g.,
for the inspection or manipulation of industrial machines).

[0046] The systems, devices, and methods, described herein may be tailored for use with
an endoscope. The endoscope may include one or more concentrically nested and curved tubes
within the body of the endoscope such as those described in U.S. App. No. 14/550,436 filed on
November 21, 2014, which is incorporated by reference herein in its entirety. In another aspect,
the body may have one or more pre-curved portions and/or adjustably bendable portions for
adapting the shape of an endoscopic body—such as the body of an endoscope or the body of a
cannula used to deliver the endoscope to a surgical site—to a surgical environment, ¢.g., a spinal
canal. For example, an embodiment includes a flexible endoscopic body having a first end and a
second end, and a tube within the flexible endoscopic body having an end proximal to the first
end of the flexible endoscopic body with a predetermined radius of curvature and a
predetermined stiffness, where the tube includes a hollow core and an exit from the hollow core
for a surgical tool. This embodiment may also include a sleeve slidably disposed outside of and
concentric with the tube, where the sleeve has a terminal portion proximal to the end of the tube
with a stiffness greater than the predetermined stiffness of the tube and a radius of curvature
greater than the predetermined radius of curvature of the tube. This embodiment may also a
control mechanism proximal to the second end of the flexible endoscopic body with a control
configured to change a curvature of the end of the tube by axially displacing the sleeve relative
to the tube.

[0047] A variety of flexible tools for use in minimally invasive surgery and the like will
now be described. The flexible tools may include an endoscope, a cannula, or any other
endoscopic body suitable for use in a minimally invasive surgical procedure. It will be
understood that at least two types of steering are contemplated herein. In one aspect, the shape of
the endoscopic body itself is shaped to achieve a desired approach to a surgical site. This may
include a compound curvature with a first curve having an apex or other similar surface designed
to rest a portion of the endoscopic body on a safe location within a canal to provide a fulcrum (of
sorts) for more stable and forceful manipulation of the distal end. A second curve in the

compound curvature may incline a surgical tool away from the interior walls of the spinal canal
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and/or toward a target surgical site. A suitably configured compound curve can facilitate desired
control of the distal end in a manner that permits an application of mechanical force at the distal
end as desired or required during a procedure. A second type of steering relates more specifically
to fine control or positioning of the distal end during a procedure. Thus, for example with the
apex or other supporting surface positioned securely against an interior wall of the spinal canal,
the distal end may be steered using a combination of a camera for visual navigation and one or
more steering controls as contemplated herein. One useful example of a user control for steering
is provided in the ‘436 patent, although other control interfaces and mechanisms may also or
instead be used.

[0048] In general, a cannula is a tube that can be inserted into a surgical site, often for the
delivery or removal of fluid, or for obtaining data. A cannula may also or instead surround the
inner or outer surfaces of a needle or other surgical tool such as an endoscope. In the context of
minimally invasive surgery or the like, a flexible cannula may be used for positioning and
manipulation of a surgical tool around delicate or sensitive areas where contact should be
avoided or minimized. To this end, a flexible cannula may bias instruments (e.g., long, flexible
instruments or tools) into a preferred orientation within a surgical site or the like. In this context,
various devices, systems, and methods are described for deploying a flexible tool (e.g., a
cannula) within a cramped or convoluted channel (e.g., a surgical site) so as to avoid or minimize
contact with sensitive areas (e.g., soft tissue) and/or to provide a safe and secure resting place
near a surgical site to stabilize the distal end and provide a platform for further downstream
mechanical steering and other manipulations. Thus, some of the techniques contemplated herein,
particularly those relating to curvature of an endoscopic device may be equally applicable to an
endoscope, a cannula, or some combination of these or any other endoscopic or laparoscopic
body.

[0049] Fig. 1 shows a device traversing a surgical canal. The device 100 may be
configured for deployment in a relatively convoluted or cramped channel (e.g., a surgical canal
102 as shown in the figure), such that contact with sensitive or delicate areas of the channel are
minimized or avoided.

[0050] The surgical canal 102 may for instance be a spinal canal of a patient, where a
portion of the device 100 is configured for insertion past the sacral hiatus and into the spinal

canal. The surgical canal 102 may include a supporting tissue region 104 and a soft tissue region
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106. The supporting tissue region 104 may be a relatively hard tissue region as compared to the
soft tissue region 106. The supporting tissue region 104 may include, for example, one or more
of epidural fat, a disc, a ligamentum flavum, bone, and so forth. The soft tissue region 106 may
be considered to be any relatively delicate or sensitive region of a surgical site, i.c., where
contact is advantageously minimized or avoided. More generally, the surgical canal 102 may be
characterized by numerous types and positions of tissues, including any number of supporting
tissue regions 104 and soft tissue regions 106, although one region of each tissue type is
specifically identified here for purposes of describing corresponding positions of a surgical tool.

[0051] The surgical canal 102 may be a portion of a human spinal canal such as the
sacral canal of a human spinal column or any other similarly constrained anatomical space. For
the spinal canal the surgical entry point may correspond to the sacral hiatus, the supporting tissue
region 104 may correspond to a region of bone tissue (e.g., along the dorsal portion of the spinal
column), and the soft tissue region 106 may include exposed nerve roots, ¢.g. of the sacral
nerves. As discussed herein, other surgical contexts or non-surgical contexts are possible.

[0052] The device 100 may include a surgical tool 108 having a body 110 with a
compound curve 112 included therein. The surgical tool 108 may further include a control end
114 positioned outside the patient when the surgical tool 108 is positioned for use, and a distal
end 116 configured to be located inside of the surgical canal 102 (e.g., spinal canal) when the
surgical tool 108 is positioned for use. In general, the device 100 may be configured such that it
avoids contact with the soft tissue region 106 of the surgical canal 102. Some tools of the prior
art appear to facilitate some curvature, but they are generally pre-curved to follow the surgical
canal, or physically deformed by the canal during entry. These deformations are generally made
without regard to the location of resulting contact points or the approach trajectory of any
surgical tools toward the ultimate surgical target. This can lead to numerous negative side effects
such as contact with soft tissue or other sensitive regions, as well as constrained access to the
target site by the distal end 114.

[0053] By imposing a suitable compound curvature, these difficulties can be alleviated.
For example, a bend of the curve may be positioned to support mechanical leverage on the distal
end 114, either to apply pressure to a target with the end or to maintain a desired separation
between the distal end 114 and a target surface such as an interior wall of the surgical canal 102.

In one aspect, the compound curve 112 may be configured to remain in contact with the dorsal
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wall of the spinal canal along a substantial portion of its length, thus maintaining the distal end
114 in a position away from the opposing wall.

[0054] The surgical tool 108 may include without limitation an endoscope, a cannula for
an endoscope, a trocar, and so forth. The surgical tool 108 may also or instead include any
relatively long, flexible instrument capable of being guided through a convoluted or cramped
channel. The surgical tool 108 may thus include any tool classified in a relatively broad category
of tools with steerable tips that can be controllably positioned within a body cavity or the like
after positioning through an endoscope.

[0055] The surgical tool 108 may also or instead include a laser, an optical fiber, a
camera, a cutting tool, an ablation tool, a grasping tool, a hooking tool, a piercing tool, a locking
tool, a shield, a guiding mechanism, a material or fluid delivery system (e.g., medicinal or
otherwise), a sampling device or transducer, a sensor, and so forth. For example, in an aspect, the
device 100 includes a surgical laser and an optical fiber positioned to transmit optical energy
from the surgical laser through the body 110 and to a distal tip 117 on the distal end 116. In
another aspect, the device 100 includes an electrosurgical radio frequency device coupled to the
distal end 116 and operable for radio frequency ablation of a surgical target 124. These
components (e.g., the laser, the cutting tool, the electrosurgical radio frequency device, etc.) may
be engaged on the distal end 116 of the surgical tool 108.

[0056] The body 110 may be shaped and sized for insertion past a sacral hiatus and into a
spinal canal of a patient. In an aspect, the body 110 has an outside diameter not greater than three
millimeters to facilitate access through this passage. The body 110 may include one or more
pathways or working channels disposed therein, where tools or other objects or couplings (e.g.,
electrical wires for data and power, mechanical wires for steering and other manipulations, and
so forth) can be deployed. The body 110 may be flexible and steerable. The body 110 may
include a predetermined stiffness that may be adapted through an adjustment of components
included therein (e.g., concentric tubes).

[0057] The compound curve 112 may be disposed in the body 110 of the surgical tool
108. The compound curve 112 may include at least a first bend 118 and a second bend 120.

[0058] The first bend 118 may be positioned to provide a point of contact 122 between
the surgical tool 104 and the supporting tissue region 104 of the surgical canal 102 when the
distal end 116 (i.e., a distal tip 117 of the distal end 116) is positioned for a procedure on a
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surgical target 124 within the surgical canal 102 (e.g., spinal canal). In this manner, the first bend
118 of the compound curve 112 may provide a mechanical support (or anchor) for a position of
the distal tip 117. The second bend 118 of the compound curve 112 may be positioned to direct
the distal end 116 (and/or the distal tip 117) toward the surgical target 124 when the surgical tool
108 is placed for use.

[0059] In an aspect, the first bend 118 has a predetermined stiffness. The predetermined
stiffness may be selected to deform to a native curvature of the surgical canal 102 (e.g., spinal
canal) in order to retain adequate mating contact between the body 110 and a wall 126 of the
surgical canal 102 to securely support other manipulations within the surgical canal 102. The
deformation to the native curvature of the surgical canal 102 may occur in a region between a
first apex 128 of the first bend 118 and a second apex 130 of the second bend 120 in order to
retain the distal end 116 (or distal tip 117 thereof) in a fixed position relative to the surgical
target 124. The predetermined stiffness may also or instead be selected to retain the second apex
130 in contact with the wall 126 of the surgical canal 102. It will be understood that an “apex” as
used mathematically may connote one or more exact locations in a particular shape or coordinate
system. The usage here is intended more generally to refer to any region along a length of the
surgical tool 110 that is shaped to provide mechanical contact, support, or steering as
contemplated herein within the context of the surgical canal 102.

[0060] The control end 114 may include a controller 150 coupled in a communicating
relationship with the device 100 and a computing device 152. The controller may include a
processor 156 and a memory 158 configured to perform the control operations described herein.

[0061] In general, the controller 150 may be operable to control the device 100. The
controller 150 may include any combination of software and/or processing circuitry suitable for
controlling the various components of the system 100 described herein including without
limitation processors, microprocessors, microcontrollers, application-specific integrated circuits,
programmable gate arrays, databases, and any other digital and/or analog components, as well as
combinations of the foregoing, along with inputs and outputs for transceiving control signals,
drive signals, power signals, sensor signals, and the like. In one aspect, the controller 150 may
include a microprocessor or other processing circuitry (e.g., the processor 156) with sufficient
computational power to provide related functions such as executing an operating system, to

provide a graphical user interface (e.g., to a display coupled to the controller 150 or another
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component, ¢.g., the computing device 152), to set and execute rules and instructions for
operation of the device 100, and so forth.

[0062] The computing device 152 may include any device or combination of devices
operated by users to manage, monitor, communicate with, control, or otherwise interact with the
device 100 or controller 150. This may include desktop computers, laptop computers, network
computers, tablets, smart phones, smart watches, personal digital assistants, or any other device
that can participate with the elements contemplated herein. The computing device 152 may
include a user interface 160 such as a graphical user interface for displaying a model 154 of the
surgical canal 102. In an aspect, the model 154 includes one or more of a two-dimensional image
of the surgical canal 102, a cross-section of the surgical canal 102, a three-dimensional image of
the surgical canal 102, and so on. The model 154 may be a model specific to a surgical patient,
such as from a magnetic resonance image, x-ray image, computerized axial tomography scan, x-
ray computed tomography image, or any other two-dimensional or three-dimensional image of
the relevant portions of the patient’s anatomy. In another aspect, a generalized model of the
relevant geometry may be employed. In the latter case, it may be more difficult to properly
position the compound curvature of the body, and visual guidance during insertion may be used
to supplement the initial compound curve with modifications as appropriate during a procedure,
either via retraction and manual re-shaping, or through curvature control mechanisms such as
those contemplated herein.

[0063] The user interface 160 may also or instead include a text or command line
interface, a voice-controlled interface, and/or a gesture-based interface. In general, the user
interface may create a suitable display on the computing device 152 for user interaction. The user
interface may be maintained by a locally executing application on the computing device 152 that
receives data from the device 100 or other resources. In other embodiments, the user interface
may be remotely served and presented on the computing device 152, such as where a web server
provides information through one or more web pages or the like that can be displayed within a
web browser or similar client executing on the computing device 152.

[0064] Other components, ¢.g., other hardware, may also be included such as input
devices including a keyboard, touchpad, mouse, switches, dials, buttons, sensors, and the like, as
well as output devices such as a display, a speaker or other audio transducer, light emitting

diodes, and the like. Other components may also or instead include a variety of cable
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connections and/or hardware adapters for connecting to, e.g., external computers, external
hardware, external instrumentation or data acquisition systems, and the like.

[0065] The controller 150 may also or instead include a manual controller, e.g., where
the controller 150 is integrated into or includes a handheld device, with physical movement of a
joystick or buttons on the controller 150 creating corresponding movements of the surgical tool
108.

[0066] In use, the device 100 may be deformed prior to deployment such that when the
device 100 is in a deployed state (i.e., when the distal tip 117 of the surgical tool 108 is within
operating range of the surgical target 124), the point of contact 122 lies on the supporting tissue
region 104. This deformation may be carried out based on one or more models 154 (or images,
e.g., x-ray images, MRI images, etc.) of the surgical canal 102. In some implementations, rather
than deforming an existing device 100, a device may be fabricated in the first instance with the
geometry described herein, based on a model 154 of the surgical canal 102. In any case, this
configuration during deployment may mitigate or eliminate negative side effects of compressing,
scratching, or otherwise contacting any exposed soft tissue region 106 with the surgical tool 108.

[0067] Fig. 2 shows a device traversing a surgical canal. The device 200 in this figure is
similar to the device shown above, but it includes a body 210 with a compound curve 212 where
the first apex 228 of the first bend 218 and the second apex 230 of the second bend 220 both
contact the wall 226 of the surgical canal 202. Specifically, the first apex 228 contacts the wall
226 of the surgical canal 202 at a first point of contact 222 and the second apex 230 contacts the
wall 226 of the surgical canal 202 at a second point of contact 223. This may be caused by the
predetermined stiffness of the body 210 (e.g., the compound curve 212) retaining both apexes
228, 230 in contact with the wall 226 of the surgical canal 202.

[0068] While the figures above show one point of contact and two points of contact with
the wall of the surgical canal, respectively, one skilled in the art will recognize that more points
of contact are possible. For example, an implementation can include more than two bends in the
compound curve, or the compound curve may be adjusted to follow portions of an interior of the
surgical canal 202, e.g., to contact or remain in close proximity to a region of the surgical canal
202 along a length of the body 210. There may also or instead be more than two points of contact
with the wall of the surgical canal, e.g., one or more points of contact associated with each bend

included in the compound curve. As such, any number of possible bends and corresponding
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points of contact are possible. In an aspect, all points of contact are configured to be located in
the supporting tissue region(s). However, although it may generally be desirous to avoid contact
with the soft tissue region as described herein, the one or more points of contact associated with
the one or more bends included in the compound curve may instead be disposed in the soft tissue
region, or any combination of the supporting tissue region and the soft tissue region, or
elsewhere in the surgical canal 202.

[0069] In an aspect, depending on the geometry of the surgical canal, it may not be
possible to arrange for each point of contact to lie on the supporting tissue region. In this case,
refinements of the above-described techniques may be employed, where two such examples are
provided below.

[0070] As a first example, the points of contact may be prioritized in some fashion, and
the main point or points of contact (i.c., those with the highest priority) may be placed over the
supporting tissue region. In some implementations, the points of contact may be prioritized based
on the expected pressure at the point of contact when the device is in a deployed state (i.e., high-
pressure points are given high priority). The expected pressure at a point of contact may be
determined by a model (e.g., a mathematical model, a physical prototype, a combination thereof,
etc.) or any other means. In some implementations, the points of contact may be prioritized
according to anatomical significance with respect to a particular patient. Other ways to prioritize
points of contact are also or instead possible.

[0071] As a second example, for some types of soft tissue there may be an acceptable
pressure threshold below which negative side effects may be minimized or eliminated. In
general, the acceptable pressure threshold may depend on the type of soft tissue contacted by the
device. When one or more points of contact must be disposed on soft tissue, the techniques
described herein can be used to distribute the pressure from the device over the soft tissue region
such that the overall pressure is below an acceptable threshold, to the extent possible. Thus a
curve of the device may be designed to rest at a particular region within the wall, may have a
shape selected to distribute a contact surface along a greater portion of its length, a stiffness
adapted to conform to the surgical canal and thus distribute a contact point along a greater
portion of its length, and so forth.

[0072] Fig. 3 shows a device traversing a surgical canal including a control wire.

Specifically, the device 300 in this figure is similar to the devices described above, but the device
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300 includes a control wire 332 coupled between the control end and the distal end 316 to
control a positon of the distal end 316 (e.g., distal tip 317) relative to the body 310. The control
wire 332 may be mechanically coupled to the body 310 of the device 300 (e.g., at one or more
anchor points 333) to control movement of the device 300, e.g., to deflect the device 300 away
from soft tissue, or otherwise mitigate the negative scenarios described above.

[0073] The one or more anchor points 333 may be located anywhere along the body 310
of the device 300, ¢.g., at the distal end 316 thereof. The control wire 332 may also or instead be
mechanically coupled to the body 310 of the device 300 via various other couplings along the
length of the body 310. Such couplings can include, ¢.g., loops through which the control wire
332 may pass, or the like.

[0074] The control wire 332 may also or instead be mechanically coupled to a control
unit 334 or controller at the proximal end of the device 300 (e.g., similar to the controller
described above). In some implementations, the control unit 334 may include a dial, trigger, or
similar control that allows an operator to apply various pre-selected degrees of tension to the
control wire 332. In some implementations, the control unit 334 may allow the operator to apply
a continuously variable degree of tension in the control wire 332. Applying tension to the control
wire 332 may advantageously allow an operator of the device 300 to alter its shape. In the figure,
for example, the device 300 is illustrated in a state with little or no tension in the control wire
332. By increasing the tension in the control wire 332, the device 300 may be deflected away
from soft tissue, thereby avoiding any negative consequences associated with contacting soft
tissue.

[0075] More generally, a variety of techniques are known for controlling shape of an
elongated member using one or more control wires (according to the degrees of freedom desired
for positioning), any of which may be adapted for use with a system as contemplated herein.
Also, it will be appreciated that while the control wire 332 is illustrated outside of the body 310
in order to illustrate function, the control wire 332 may be usefully positioned inside the body
310 in order to avoid exposure to the anatomy and tissue within the spinal canal.

[0076] Fig. 4 shows a device traversing a surgical canal including magnetic control.
Specifically, the device 400 in this figure is similar to the devices shown above, but the device
400 includes one or more a magnets 434 coupled to the body 410. The magnets 434 may be
disposed at or near the distal end 416 of the body 410, or elsewhere along the body 410. The
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magnets 434 may work in conjunction with an external magnet 436 that is configured to apply a
magnetic field 438 to control the device 400. For example, in an implementation, prior to or
during deployment, the magnetic field 438 may be provided by the external magnet 436 to cause
the magnets 434 to experience a force in a desired direction, e.g., in a direction to deflect the
device 400 away from soft tissue. In some implementations, the magnitude and/or direction of
the magnetic field 438 may be controllable via an external controller 440 (e.g., similar to the
controllers described above).

[0077] Fig. 5 shows a device traversing a surgical canal including a balloon. Specifically,
the device 500 in this figure is similar to the devices shown above, but the device 500 includes
one or more balloons 540 or other elastic or inelastic inflatable membranes coupled to an exterior
of the body 510 and inflatable to move the body 510 within the surgical canal 502. The balloon
540 may act as an element to control the device 500 and/or prevent contact with soft tissue or the
like. The balloon 540 may be inflated to a desired degree before or during deployment of the
device 500. When inflated, the balloon 540 may be operable to distribute a contact force of the
body 510 of the device 500 at the point of contact 522, resulting in an overall lower pressure at
the point of contact 522. In some implementations, the balloon 540 may be placed at a location
along the body 510 of the device 500 where a point of contact 522 is expected to occur when the
device 500 is in a deployed state. This location may be identified by a mathematical model (e.g.,
as a function of a patient’s height, weight, etc.) and/or from inspection of one or more images of
the surgical canal 502. Thus, the balloon 540 may be used to establish a contact point (e.g., the
point of contact 522) for applying leverage along a length of the body 510 of the device 500 in
order to move, position, or stabilize an extended end of the surgical tool near the surgical target
or to otherwise manipulate or position the device 500 within the surgical canal 502. In general,
the balloon 540 may be inflated, deflated, and moved along the length of the body 510 of the
device 500 as appropriate for a particular use. In some implementations, the balloon 540 may be
controllable via an external controller (e.g., similar to the controllers described above).

[0078] As referenced above, the devices with compound curves may further include one
or more concentrically nested and curved tubes within the body. In an aspect, the concentrically
nested and curved tubes are operable to control a curvature of at least one of the first bend and

the second bend.
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[0079] In embodiments, various combinations of steering, positioning, and control
techniques may be employed. Thus a device may use any combination of the techniques describe
above—magnets, control wires, balloons, and concentric tubes—as well as any other suitable
techniques and any combination of the foregoing. Similarly, one technique may be used to
achieve a controllable, aggregate compound curve in the body 510 of the device 500 while a
second technique may be used for fine control of a positon or orientation of the distal end where
a surgical tool or the like is mounted. All such combinations and variations are intended to fall
within the scope of this disclosure.

[0080] Fig. 6 is a flowchart of a method for traversing a surgical canal.

[0081] As shown in step 602, the method 600 may include providing a model of a
surgical canal of a patient. The surgical canal may include a surgical entry point, a supporting
tissue region, a soft tissue region, and a surgical target. The surgical canal may also include a
curvature. The model may include any of the models described herein including without
limitation a two-dimensional or three-dimensional image of the surgical canal of a particular
patient or a generalized model suitable for approximating an expected shape.

[0082] As shown in step 604, the method 600 may include forming a surgical tool having
a distal tip into a compound curve. The surgical tool may be any as described herein, e.g., at least
one of an endoscope and a cannula for the endoscope.

[0083] The compound curve may include a first bend positioned to provide a point of
contact between the surgical tool and the supporting tissue region of the surgical canal when the
distal tip is positioned for a procedure on the surgical target. The first bend may provide a
mechanical support for a position of the distal tip. The compound curve may further include a
second bend positioned to direct the distal tip toward the surgical target. In an implementation,
the second bend may also or instead provide a supplemental point of contact between the device
and a wall of the surgical canal to further support and stabilize the device for a surgical
procedure.

[0084] As shown in step 606, the method 600 may include positioning a balloon at a
location between the surgical tool and the soft tissue region. This may include moving the body
of the surgical device until a fixed, attached balloon is in a suitable position, or moving a balloon

along the body until it is positioned in an appropriate location.
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[0085] As shown in step 608, the method 600 may include inflating the balloon to
provide a soft barrier between the surgical tool and the soft tissue region. Regardless of how
positioned, the balloon may more generally be inflated, deflated, or otherwise adjusted to achieve
desired mechanical results for the surgical tool or body that is being positioned within the spinal
canal.

[0086] As shown in step 610, the method 600 may include steering the surgical tool. This
may include fine steering as described above, ¢.g., controlling a position of the distal tip of the
surgical tool to achieve a desired position relative to a surgical target. This may also include
general steering via control of the bend of the surgical tool or an end thereof to positon the
overall device at a desired location within the spinal canal or other surgical cavity. Thus, steering
the distal tip of the surgical tool may include steering the distal tip toward the surgical target,
steering the distal tip away from the soft tissue region, or otherwise steering the distal tip or a
distal end of the surgical tool, or the body of the surgical tool to effectuate an intended surgical
operation. Steering may be performed using any of the techniques described herein. Thus for
example, steering the distal tip may include steering the distal end with a wire mechanically
coupled to the surgical tool from a control end to the distal tip. Steering the distal tip may also or
instead include applying an external magnetic field to impart a force to move one or more
magnets coupled to the surgical tool. Steering the distal tip may also or instead include rotating
or translating one or more concentrically nested tubes within the surgical tool having different
curvatures or stiffnesses.

[0087] Another implementation of a tool (e.g., a flexible tool) for use in minimally
invasive surgery and the like will now be described, where the tool includes a surgical tool with
flaps, e.g., for mitigating complications presented by obstructions encountered during a surgical
procedure.

[0088] Fig. 7 shows a surgical tool in an undeployed state. The surgical tool 700 may
include a device configured for deployment in a surgical site containing loose matter. The
surgical tool 700 may be configured to mitigate problems caused by obstructions near a surgical
target.

[0089] The surgical tool 700 may include a first tube 702, a plurality of flaps 704, a
second tube 706, and a controller 708. The plurality of flaps 704 may also be referred to herein
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as “extendable flaps” to describe the ability to extend outward and away from the body of the
surgical tool 700 as described herein.

[0090] The first tube 702 may include a proximal end 710, a distal end (i.e., the first
distal end 712 shown in the figure), a hollow core 714, and an exit 716 from the hollow core 714
at the first distal end 712. The first tube 702 may thus include a hollow substantially cylindrical
structure with the hollow core 714 formed therein, where the second tube 706 is disposed within
the hollow core 714 of the first tube 702. In an aspect, the second tube 706 is also hollow, and
thus includes its own inner hollow core 715.

[0091] In addition to the hollow core 714 of the first tube 702 and the inner hollow core
715 of the second tube 706, the surgical tool 700 may include a second hollow core 724 formed
by the volume disposed between the interior of the first tube 702 and the exterior of the second
tube 706, i.e., the void between the tubes 702, 706, or at any other suitable location and having
any other suitable size for an intended use. The second hollow core 724 may be parallel to one or
more of the hollow core 714 of the first tube 702 and the inner hollow core 715 of the second
tube 706. The second hollow core 724 may instead be formed by one or more of the first tube
702 and the second tube 706 otherwise including pathways forming a plurality of additional
hollow cores therein, ¢.g., for a plurality of supplemental tools.

[0092] In the surgical tool 700, the proximal end 710 may include or be configured for
access to controls for manipulation of various tools during a surgical procedure. This may, for
example, include controls for movement or function of components on the distal end 712. For
example, the proximal end 710 may include the controller 708 and/or one or more mechanical or
electromechanical elements for manipulating a body of the surgical tool 700 during a surgical
procedure.

[0093] The first distal end 712 may be configured for insertion into a surgical site. As
such, when in an undeployed state, the first distal end 712 may be sized and shaped for smoothly
traversing a surgical canal.

[0094] The plurality of flaps 704 may be coupled to the first distal end 712 of the first
tube 702. In an aspect, the plurality of flaps 704 are integrally formed with the first tube 702.
Alternatively, in some implementations, the plurality of flaps 704 are separately formed from,
but mechanically coupled to, the first tube 702. In an aspect, each of the plurality of flaps 704

bears a smoothly contoured shape free of sharp edges and corners. Such a construction may
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mitigate the risk of puncturing or scratching sensitive tissue during the deployment of the
surgical tool 700 to a surgical site and the subsequent deployment (e.g., by opening or spreading)
of the plurality of flaps 704 included thereon.

[0095] The second tube 706 may be slidably disposed within and concentric to the first
tube 702. In an aspect, both the first tube 702 and the second tube 706 are slidably disposed
relative to one another, e.g., along a longitudinal axis 720 of the tubes 702, 706. The second tube
706 may include a distal end, i.e., the second distal end 718 shown in the figure. The second
distal end 718 may include an exit (i.e., in an embodiment where the second tube 706 is hollow)
or a functional tool disposed therecon. Thus, in an embodiment where the second tube 706 is
hollow, the inner hollow core 715 may include a pathway through which surgical instruments
(e.g., cameras, lasers, therapeutic agents, or the like) may pass. In this manner, the second tube
706 may itself be a primary tool for use in the overall surgical tool 700 shown in the figure, or it
may contain a primary tool for use in the overall surgical tool 700.

[0096] It will be appreciated that the first tube 702 and the second tube 706 may either or
both contain a predetermined curvature and stiffness as contemplated, for example, in U.S. Pat.
App. No.14/550,436. The operation of this nested, concentric tube system for steering an
endoscopic body is not described herein in detail, but is described by way of numerous examples
in the ‘436 application. For purposes of adequate description, it is simply noted here that the first
tube 702 and the second tube 706 may structurally be two concentric nested tubes with
predetermined stiffness and curvature operable to control a curvature of an endoscopic body
(such as any of the endoscopic bodies contemplated herein) containing the tubes 702, 706.

[0097] The controller 708 may be operable to activate the controllable aspects of the
surgical tool 700 described herein, such as the relative motion of the tubes, the articulation of the
flaps, and so forth. At an appropriate moment (e.g., when the surgical tool 700 and instruments
contained therein are near the surgical target), the controller 708 may be used to transition the
surgical tool 700 from the undeployed state to the deployed state. Thus, in an aspect, the
controller 708 is operably configured to move the plurality of flaps 704 relative to the first tube
702, such as by axially sliding the first tube 702 and the second relative to one another. For
example, the controller 708 may move the plurality of flaps 704 between an undeployed state
where the plurality of flaps 704 are contained within a cross section normal to the longitudinal

axis 720 of the first tube 702 and a deployed state where the plurality of flaps 704 are at least in
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part disposed outside of the cross section to provide a mechanical separation between the distal
end 712 of the first tube 702 (or other portion of the surgical tool 700) and tissue surrounding a
surgical site.

[0098] The controller 708 may be disposed at a proximal end 710 of the device, ¢.g.,
external to the surgical site. The controller 708 may be the same or similar to the any of the
controllers described herein.

[0099] In the undeployed state shown in the figure, the plurality of flaps 704 may be
generally gathered around the longitudinal axis 720. In some implementations, the plurality of
flaps 704 in the undeployed state may collectively block access to the interior of the tubes, i.c.,
the hollow core 714, the inner hollow core 715, and/or the second hollow core 724. This may be
useful, among other reasons, to protect the contents of the hollow cores while the surgical tool
700 is being guided to a surgical target. Alternatively, in some implementations the plurality of
flaps 704 in the undeployed state need not block access to the interior of the tubes. This may be
useful, among other scenarios, when the interior of the tubes includes a camera used to aid
navigation of the surgical tool 700 to the surgical target. In the deployed state (e.g., shown in the
figure described below), the plurality of flaps 704 may controllably flare out from the
longitudinal axis 720. This flaring action may be advantageously deployed, among other ways, to
clear loose matter lying between the surgical tool 700 and the surgical target.

[00100] The surgical tool 700 may further include one or more supplemental tools
722. As shown in the figure, the supplemental tool 722 may be disposed in the second hollow
core 724 of the first tube 702. A supplemental tool 722 may also or instead be disposed in the
hollow core 714 or any other suitable location. Regardless of the tube or core in which it’s
disposed, the supplemental tool 722 may be configured such that it is generally disposed at the
distal end 712 of the first tube 702 and, where the supplemental tool 722 is an active tool with
control aspects, coupled to a second controller 726 at the proximal end 710 of the first tube 702.
The second controller 726 may be the same or similar to the any of the controllers described
herein, and in an aspect, the second controller 726 is part of the controller 708 described above
(i.e., there is one controller performing a plurality of control functions).

[00101] The supplemental tool 722 may include without limitation a laser, an
electrosurgical radio frequency device, an imaging element, a saline wash, an illumination

source, a mechanical locking mechanism, a piercing tool, a cutting tool, a grasping tool, a
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hooking tool, a protective shield, concentrically nested and curved tubes, an endoscope, and so
forth. In an aspect, the supplemental tool 722 includes a laser surgical tool disposed at the distal
end 712 of the first tube 702 and coupled to the second controller 726 at the proximal end 710 of
the first tube 702. In another aspect, the supplemental tool 722 includes an electrosurgical radio
frequency device disposed at the distal end 712 of the first tube 702 and coupled to the second
controller 726 at the proximal end 710 of the first tube 702.

[00102] As discussed above, the supplemental tool 722 may include an imaging device
and a saline wash or similar. For example, in an aspect, the surgical tool 700 includes an imaging
clement disposed at the distal end 712, and the one or more supplemental tools 722 includes a
saline wash sourced through the second hollow core 724 and directed at the imaging element. In
an aspect, the imaging element is included within the second tube 706 or is integral with the
second tube 706. The imaging element may include at least one of a digital camera and an optical
fiber for optically transmitting an image at the distal end 712 of the surgical tool 700 to the
proximal end 710.

[00103] The supplemental tool 722 may include an illumination source at the distal
end 712 coupled to a power source 728 and a control source (e.g., the second controller 726) at
the proximal end 710 of the first tube 702.

[00104] In another aspect, the supplemental tool 722 may include a surgical stapler,
suturing device, or the like to close openings that are intentionally or unintentionally formed in
tissue during a procedure. Similarly, a surgical glue dispenser or the like may be provided for
intraoperative guided tissue repair. The supplemental tool 722 may also include a pincer or the
like to hold tissue together during a gluing, stapling, or suturing process. A pincer, grasper, tissue
hook, gem holder, or the like may also or instead be used to secure the dura mater or other tissue
during a procedure, or a number of such devices may be deployed around a perimeter of the
insertion end of an endoscopic tool to secure the tool in a desired location during a procedure.

[00105] One skilled in the art will recognize that the supplemental tool 722 discussed
herein may also or instead be included in or connected to the first tube 702 or the second tube
706 described above. Thus the surgical tool 722 may also or instead include any of the passive
tools mechanically coupled to the distal end 720 as described below.

[00106] Fig. 8 shows a surgical tool in a deployed state. Similar to the tool described
above, the surgical tool 800 may include a first tube 802, a plurality of flaps 804, a second tube

27



WO 2016/076964 PCT/US2015/053358

806, and a controller 808. Specifically, in the figure, the plurality of flaps 804 are in a deployed
state where they are at least in part disposed outside of a cross section 850 normal to a
longitudinal axis 820 of the first tube 802 to provide a mechanical separation between the distal
end 812 of the first tube 802 (or other part of the surgical tool 800) and tissue surrounding a
surgical site.

[00107] Fig. 9 shows a surgical tool in a deployed state. The surgical tool 900 shown
in this figure is similar to those described above, but the surgical tool 900 has the plurality of
flaps 904 disposed on the distal end 918 of the second tube 906 rather than the distal end 912 of
the first tube 902. Specifically, the surgical tool 900 may include a controller operably
configured to move the plurality of flaps 904 relative to the second tube 906 between an
undeployed state where the plurality of flaps 904 are contained within a cross section normal to a
longitudinal axis 920 of the second tube 906 and a deployed state where the plurality of flaps 904
are at least in part disposed outside of this cross section to provide a mechanical separation
between the distal end 918 of the second tube 906 (or other part of the surgical tool 900) and
tissue surrounding a surgical site. It will be understood that the features discussed above (with
reference to the other figures) as being disposed on either the first tube or the second tube may
thus be switched in the embodiment shown in this figure.

[00108] Additionally, as shown in the figure, in an aspect, the surgical tool 900 may
include a protective shield 932 at the distal end 912 of the first tube 902. The protective shield
932 may be formed of a material selected to protect a surgical site from laser energy provided by
a surgical laser operating at the distal end 912 of the first tube 902. In an embodiment, the
protective shield 932 may also or instead be provided by the plurality of flaps 904 themselves,
and thus no additional component is provided.

[00109] The plurality of flaps 904 shown in the figure may block access to the hollow
core 915 in the undeployed state. Similarly, in the undeployed state, the plurality of flaps 904
may be contained at least in part within the first tube 902. Otherwise, the surgical tool 900 may
include similarities to the structures described above.

[00110] Fig. 10 shows a deployment mechanism in an undeployed state. The
deployment mechanism 1000 may be used in conjunction with the surgical tools described
above. For example, the deployment mechanism 1000 may be implemented on a surgical tool

having a first tube 1002, a plurality of flaps 1004, and a second tube 1006.
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[00111] As shown in the figure, the second tube 1006 may include a plurality of
elements 1030 such as tabs, protrusions or the like that each mechanically mate with a
corresponding element 1032 on one of the plurality of flaps 1004. The elements 1030, 1032 may
be shaped such that sliding the second tube 1006 in a first direction (as indicated by the arrow
1034) relative to the first tube 1002 causes the plurality of elements 1030 to engage the plurality
of flaps 1004 and move each of the plurality of flaps 1004 from the undeployed state to the
deployed state (see figure described below).

[00112] Conversely, sliding the second tube 1006 in a second direction (e.g., opposite
to the first direction) may disengage the plurality of elements 1030 from the plurality of flaps
1004. Further, an interior surface of the first tube 1002 may urge the plurality of flaps 1004 into
the undeployed state, e.g., due to an elasticity or stiffness of the first tube 1002, or a spring,
hinge, living hinge or the like formed into the first tube 1002 or coupled between the first tube
1002 and each of the flaps 1004. In another aspect, a similar hinging or rotational motion may be
obtained from additional mechanical elements disposed on the interior surface of the first tube
1002 forcefully pulling the plurality of flaps 1004 into the undeployed state. In an aspect, each of
the plurality of flaps 1004 is spring-biased toward the deployed state and the first tube 1002
retains the plurality of flaps 1004 in the undeployed state when the second tube 1006 is in its
undeployed position (i.c., as shown in the figure).

[00113] The plurality of elements 1030 on the second tube 1006 and corresponding
elements 1032 on the plurality of flaps 1004 are shown in the figure as corresponding
projections, but one skilled in the art will recognize that these may also or instead include other
cooperating elements (mechanical or otherwise). For example, these elements 1030, 1032 may
include without limitation one or more of hooks, magnets, sliders, notches, ridges, grooves, and
so forth. In some implementations, the end of one of the tubes or the flaps themselves may serve
as one or both of the aforementioned mating elements. Also, although the plurality of elements
1030 are shown on the second tube 1006, one skilled in the art will recognize that the plurality of
elements 1030 may instead be disposed on the first tube, i.c., in an embodiment where the
plurality of flaps are disposed on the second tube or on another tool/device used in conjunction
with the surgical device. Similarly, the corresponding elements 1032 on the plurality of flaps
1004 may instead be disposed on one or more of the first tube 1002, the second tube 1006, or on

another tool/device used in conjunction with the surgical device.
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[00114] Fig. 11 shows a deployment mechanism in a deployed state. The deployment
mechanism 1100 may be similar to the mechanism described above and may be implemented on
a surgical tool having a first tube 1102, a plurality of flaps 1104, and a second tube 1106. As
shown in the figure, the second tube 1106 may include a plurality of elements 1130 that each
mechanically mate with a corresponding element 1132 on one of the plurality of flaps 1104, such
that sliding the second tube 1006 in a first direction (as indicated by the arrow 1134) relative to
the first tube 1102 causes the plurality of elements 1130 to engage the plurality of flaps 1104 and
move cach of the plurality of flaps 1104 from the undeployed state to the deployed state.

[00115] In use, starting from the undeployed state, as the second tube is moved
towards the flaps, mating elements provided on each of the second tube and the flaps eventually
engage. As the second tube continues towards the flaps, each of the mating elements begins to
push on a corresponding element, thereby causing the flaps to deploy into their open
configuration outside the transverse cross section of the tube(s).

[00116] Although the figures above depict relatively simple mechanical elements, in
general the elements may be more complex. In particular, the mechanical elements may cause
each flap to translate, swivel, rotate, or undergo other composite motion in order to extend
beyond the end of the surgical apparatus to mechanically enforce separation between the tool and
surrounding tissue.

[00117] Fig. 12 shows a deployment mechanism in an undeployed state. The
deployment mechanism 1200 may be similar to the mechanisms described above and may be
implemented on a surgical tool having at least a first tube 1202 and a plurality of flaps 1204. As
shown in the figure, the deployment mechanism 1200 may include one or more steering wires
1240. The one or more steering wires 1240 may be coupled to the plurality of flaps 1204 for
controlling the plurality of flaps 1204, ¢.g., deployment of the plurality of flaps 1204. As stated
above, the plurality of flaps 1204 may act as a protective shield in an embodiment, and thus the
one or more steering wires 1240 may facilitate positional control of the protective shield during a
surgical procedure so that the protective shield can be opened and closed as desired, and
similarly so that the flaps can displace surrounding tissue as desired.

[00118] The one or more steering wires 1240 may be controlled by a controller as
described herein, which can include any of the aforementioned controllers, e.g., the second

controller described above for the supplemental tool. Thus, in an aspect, at least one steering
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wire 1240 couples the protective shield to the second controller on the proximal end of the first
tube 1202 to facilitate positional control of the protective shield from the proximal end during a
surgical procedure.

[00119] The one or more steering wires 1240 may be coupled to the surgical tool at
various points. The coupling may be enabled by rings, loops, channels, grooves, or the like,
which can advantageously maintain a close proximity between the one or more steering wires
1240 and the surgical tool, thereby avoiding unwanted or unanticipated contact with other
anatomical structures. In some implementations, the one or more steering wires 1240 may each
be coupled to an ancillary structure (e.g., a ring, or the like), and the ancillary structure may be
coupled to the controller. This configuration may be advantageously used to synchronize and/or
simplify the articulation of the plurality of flaps 1204.

[00120] Fig. 13 shows a surgical tool with a flexible coating. As shown in the figure,
the surgical tool 1300 may include a tube 1302 (which may be either the first tube or the second
tube described herein) having an associated flap 1304. A flexible coating 1342 may couple at
least part of the flap 1304 to at least part of the tube 1302. The flap 1304 may further be coupled
to the tube 1302 in other ways, ¢.g., as described above.

[00121] The flexible coating 1342 may advantageously be employed as a safety
measure. For example, due to error or malfunction, a flap 1304 may break off from the tube 1302
during a surgical procedure. In this case, the broken flap may need to be retrieved from the
patient to avoid further complications. However, such retrieval may be undesirable, insofar as it
extends the length of the surgical procedure and puts the patient at risk for further injury. The
presence of the flexible coating 1342 may mitigate the risk of the flap 1304 completely breaking
off from the surgical tool 1300.

[00122] In some implementations, the flexible coating 1342 may include a plastic film,
adhesive tape, a urethane, polyurethane, or polyimide coating, and the like.

[00123] The surgical tools including flaps as described above may further include one
or more concentrically nested and curved tubes within the first tube operable to control a
curvature of the first tube. The surgical tools including flaps as described above may also or
include at least one of a magnet coupled to the device near the distal end, a control wire coupled
between the proximal end and the distal end to control a positon of the distal end relative to the

proximal end, and one or more balloons coupled to an exterior of the first tube and inflatable to
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move the first tube within a surgical cavity. The surgical tools described above may further
include an endoscope positioned within the first tube.

[00124]  Another implementation of a surgical apparatus for use in minimally invasive
surgery and the like will now be described, where the surgical tool includes, inter alia, a cutting
tool to cut through and allow access to the inside of the dura mater or the like.

[00125] Fig. 14 shows a surgical apparatus. The surgical apparatus 1400 may allow for
an endoscope or the like to access a sub-dural space during a spinal surgery. The surgical
apparatus 1400 may include components that create suction to pull the dura mater away from
sensitive neural tissue during surgery and concurrently secure the surgical apparatus 1400 against
a wall of the tissue. This may allow a cutting tool or the like to cut or penetrate through the dura
mater without damaging protected neural tissue.

[00126] The surgical apparatus 1400 may include a flexible endoscopic device 1402
(including a cannula, an endoscope, or any other similar component), an outer sheath 1404, an
inner sheath 1406, a void 1408 between the outer sheath 1404 and the inner sheath 1406, a
cutting tool 1410, and a controller 1412.

[00127] The flexible endoscopic device 1402 may include a body 1414 having a distal
end 1416 for insertion into a surgical site and a proximal end 1418 for operator control (e.g., by
the controller 1412 or a device in communication with the controller 1412, e.g., a computing
device).

[00128] The outer sheath 1404 may be disposed on the distal end 1416 of the body
1414 of the flexible endoscopic device 1402. The outer sheath 1404 may also or instead extend
the entire length of the flexible endoscopic device 1402 from the distal end 1416 to the proximal
end 1418. The outer sheath 1404 may be movable or stationary with respect to one or more of
the inner sheath 1406 and the cutting tool 1410, e.g., for one or both of rotational or translational
motion.

[00129] The inner sheath 1406 may be disposed inside of and concentric with the outer
sheath 1404 on the distal end 1416 of the body 1414 of the flexible endoscopic device 1402. The
inner sheath 1406 may extend the entire length of the flexible endoscopic device 1402 from the
distal end 1416 to the proximal end 1418, or the inner sheath 1406 or outer sheath 1404 or both
may be a truncated cylindrical structure extending only far enough outside or within its

neighboring sheath to provide a void space to apply suction as contemplated herein. The inner
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sheath 1406 may be movable or stationary with respect to one or more of the outer sheath 1404
and the cutting tool 1410, e.g., for one or both of rotational or translational motion.

[00130] The void 1408 may be disposed between the outer sheath 1404 and the inner
sheath 1406 on the distal end 1416 of the body 1414 of the flexible endoscopic device 1402. The
void 1408 may be in fluid connection with the proximal end 1418 of the body 1414. In this
manner, the void 1408 may extend the entire length of the flexible endoscopic device 1402 from
the distal end 1416 to the proximal end 1418. The arrangement of the void 1408 within the body
may thus include a fluid communication configured such that a suction created at the proximal
end 1418 of the body 1414 creates a reduced pressure in the void 1408 between the outer sheath
1404 and the inner sheath 1406 on the distal end 1416 of the body 1414 relative to an ambient
pressure. In other words, suction created at the proximal end 1418 of the body 1414 (e.g., by a
vacuum device, pump, or the like) may also cause suction at the distal end 1416 of the body at
the void 1408. This may be advantageous, e.g., for fixing the body 1414 to a wall of a surgical
site, and for drawing the surrounding tissue away from any sensitive anterior anatomical
structures.

[00131] The cutting tool 1410 may be disposed at the distal end 1416 of the body 1414
of the flexible endoscopic device 1402. Specifically, as shown in the figure, in an aspect, the
cutting tool 1410 is rotatably disposed inside of and concentric with the inner sheath 1406 where
it is configured to rotate relative to the inner sheath 1406. Rotation of the cutting tool 1410 in a
first direction (shown by the arrow 1420) about an axis 1422 may extend a sharp edge 1424 of
the cutting tool 1410 beyond a leading edge 1426 of the inner sheath 1406. Rotation of the
cutting tool 1410 in a second direction (shown by arrow 1428) about the axis 1422 may retract
the sharp edge 1424 of the cutting tool 1410 such that it is fully sheathed by the leading edge
1426 of the inner sheath 1406. This may be provide a stowed position for the cutting tool 1410
where the sharp edge 1424 cannot cut tissue because it does not extend beyond the inner sheath
1406.

[00132] The cutting tool 1410 may also or instead be configured for translational
movement with respect to one or more of the outer sheath 1404 and the inner sheath 1406, e.g.,
by axially moving the cutting tool 1410 to extend beyond the outer or inner sheath by a

controllable amount.
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[00133] The controller 1412 may be disposed at the proximal end 1418 of the body
1414 of the flexible endoscopic device 1402. The controller 1412 may include a first control
1430 to create suction at the proximal end 1418 of the body 1414 and a second control 1432 to
rotate the cutting tool 1410 relative to the inner sheath 1406 (or otherwise control movement of
one or more of the components of the flexible endoscopic device 1402).

[00134] The surgical apparatus 1400 may further include a vacuum source 1434 at the
proximal end 1418 of the body 1414 that is coupled in fluid communication with the void 1408.
The vacuum source 1434 may be configured to apply a variable vacuum force, e.g., under
control of the controller 1412. In an aspect, the controller 1412 is configured to infer a vacuum
scaled engagement of the distal end 1416 with a surface (e.g., a surface in a surgical site) based
upon an amount of pressure created in the void 1408 by the vacuum source 1434. The controller
1412 may also or instead be configured to prevent operation of the cutting tool 1410 when no
vacuum engagement of the distal end 1416 to a surface is detected. The controller 1412 may thus
be in communication with one or more sensors (¢.g., pressure sensors) disposed on the flexible
endoscopic device 1402.

[00135] The body 1414 of the flexible endoscopic device 1402 may include one or
more hollow cores therein, which form working channels for surgical tools to be included on the
flexible endoscopic device 1402. For example, as shown in the figure, an implementation
includes at least a first hollow core 1436 and a second hollow core 1438.

[00136] The first hollow core 1436 may include a surgical device. The surgical device
may include without limitation a laser surgical tool, an electrosurgical radio frequency device, an
imaging element, and so forth. The surgical device may be disposed at the distal end 1416 of the
body 1414 and coupled to the controller 1412 at the proximal end 1418 through the first hollow
core 1436.

[00137] The second hollow core 1438 in the body 1414 of the flexible endoscopic
device 1402 may be parallel to the first hollow core 1436 for one or more supplemental tools. In
an aspect, the flexible endoscopic device 1402 may include an imaging element disposed at the
distal end 1416 (e.g., in the first hollow core 1436), where a supplemental tool includes a saline
wash sourced through the second hollow core 1438 that is directed at the imaging element. The

imaging element may include without limitation a digital camera at the distal end 1416, an
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optical fiber for optically transmitting an image at the distal end 1416 to the proximal end 1418,
and so forth.

[00138] The flexible endoscopic device 1402 may also or instead include an
illumination source 1440 at the distal end 1416. The illumination source 1440 may be coupled to
a power source 1442 and a control source (e.g., the controller 1412) at the proximal end 1418.

[00139] A use case of the device discussed above will now be described. In use, with
the sharp edge 1424 disposed (rotated) in the stowed position, the flexible endoscopic device
1402 may be navigated such that it is in direct contact with the dura mater. The suction between
the outer sheath 1404 and the inner sheath 1406 may then be applied such that the dura mater is
drawn toward the distal end 1416 of the flexible endoscopic device 1402. The flexible
endoscopic device 1402 may then be pulled back such that the dura mater is pulled away from
underlying neural elements (but not so far that the suction force is overcome and the dura mater
is released). The cutting tool 1410 may then be rotated such that it cuts into the dura mater.
Rotation may be continued until a hole is formed in the dura mater that is of adequate size to
visualize the space therein and introduce any necessary tooling. In this manner, a substantially
circular (or otherwise shaped) opening may be created, or a partial opening may be cut by the
device. Tools may then be deployed to perform a procedure (e.g., tumor removal or the like)
through the hole, or the flexible endoscopic device 1402 may be navigated inside of the dura.
Tools may then be retracted into the flexible endoscopic device 1402 and suction may be
released. The dura mater may then be sealed as required. Although suction or reduced pressure is
described for securing a tool to the dura mater, it will be understood that a variety of other
techniques may also or instead be used, including without limitation sutures, grasping
mechanisms, tissue hooks, and so forth.

[00140] Fig. 15 shows a surgical apparatus with a surgical tool on a distal end thereof.
The surgical apparatus 1500 may include a minimally invasive tool such as an endoscope. For
example, similar to the apparatus discussed above, the surgical apparatus 1500 may include a
flexible endoscopic device 1502, a body 1514 with a distal end 1516 and a proximal end 1518,
and a plurality of hollow cores (e.g., a first hollow core 1536 and a second hollow core 1538).
The surgical apparatus 1500 may further include a supplemental tool 1550 and a laser tool 1580

and an imaging element 1552.
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[00141] As shown in the figure, in an aspect, the supplemental tool 1550 may include
any suitable surgical tool such as a piercing tool, a hooking tool, a grasping tool, a cauterizer, a
scissor, or any other tool that mighty be coupled to the body for use during a surgical procedure.
In order to facilitate modular tool selection, the supplemental tool 1550 may be coupled to a
sleeve 1570 or any other suitable attachment point with a locking mechanism 1554 that
mechanically secures the supplemental tool 1550 to the surgical apparatus 1500 in a removable
and replaceable manner. A variety of fixtures may be used for this purpose, but they should
generally be sufficiently secure to prevent detachment during a procedure, and suitably shaped to
avoid exposure of sharp points or cutting edges.

[00142] The supplemental tool 1550 may be disposed within or coupled to a steering
mechanism such as a first sleeve 1570 and a second sleeve 1572 concentric with the first sleeve
1570. These sleeves 1570, 1572 may also provide a working channel (not shown) to electrically
or mechanically couple the supplemental tool 1550 to a control end of the surgical apparatus
1500. The sleeves 1570, 1572 may be configured for steering the supplemental tool 1550 at the
distal end 1516 of the surgical apparatus 1500. In one aspect, the sleeves 1570, 1572 form
concentric tubes including a first tube (e.g., the first tube 1570) having an end with a
predetermined radius of curvature and a predetermined stiffness, and a second tube (e.g., the
second tube 1572) surrounding the first tube having a stiffness greater than the predetermined
stiffness of the first tube and a radius of curvature greater than the predetermined radius of
curvature of the first tube. In this manner, movement of at least one of the first tube and the
second tube may enable steering of the supplemental tool 1550.

[00143] The supplemental tool 1550 may also include one or more stents, markers,
fiducials or the like that can be used to visually locate the surgical apparatus 1500 or portions
thereof. Techniques such as fluoroscopic guidance, intermittent x-ray imaging, or the like may be
used to periodically verify the location of an instrument during a surgical procedure. Markers
such as those described above can enhance the visibility of the surgical apparatus 1500, or a
particular point on the surgical apparatus 1500 when viewed with a corresponding imaging
device.

[00144] The imaging element 1552 may be any as described herein including a digital
still camera, a video camera, or any other camera or similar device. One of the channels may also

include any of the supplemental tools described herein. For example the second hollow core
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1538 may contain a second laser surgical tool, supplemental lighting, graspers, or another
mechanical or electrical device for use in a surgical procedure.

[00145]  The surgical apparatus 1500 may further include a mechanical locking
mechanism 1554 disposed at the distal end 1516 of the body 1514 of the endoscopic device
1502. As shown in the figure, the mechanical locking mechanism 1554 may be configured to
removably and replaceably receive the supplemental tool 1550. In other words, the supplemental
tool 1550 may be coupled to the mechanical locking mechanism 1554 in an embodiment. In
another aspect, the mechanical locking mechanism 1554 may also or instead be configured to
removably and replaceably receive the imaging element 1552.

[00146] The mechanical locking mechanism 1554 may mechanically fix the
supplemental tool 1550 to the sleeve 1570 or otherwise to the body 1514 of the endoscopic
device 1502. Specifically, the mechanical locking mechanism 1554 may couple the supplemental
tool 1550 in a fixed engagement while in a first position, and the mechanical locking mechanism
1554 may decouple the supplemental tool 1550 while in a second position, where the
supplemental tool 1550 may move independently from the sleeve 1570. In other words, there
may be a rigid, semi-locking mechanical connection between a portion of the endoscopic device
1502 and the employed supplemental tool 1550. This configuration provides a platform for
significant modularity, and may permit a high degree of versatility for the supplemental tool
1550. The mechanical locking mechanism 1554 may include locking or engagement features
such as the protrusions shown in the figure, or it can include another locking feature, such as a
magnetic force or any other implementation that results in the supplemental tool 1550 being
firmly fixed to a portion of the endoscopic device 1502. Engagement and disengagement of the
mechanical locking mechanism 1554 may be provided by a predetermined movement or series of
movements of a component of the surgical apparatus 1500, e.g., by the combination of rotation
of the supplemental tool 1550 in a specific direction followed by translation of the supplemental
tool 1550 (i.e., a twist-lock configuration).

[00147] While the twist-lock configuration depicted in the figure is a useful
mechanical connection of relatively simple design, it will be understood that a variety of twist
lock configurations and other sufficiently mechanically secure removable/replaceable locking
systems and the like are known in the art, and may be usefully adapted for use with the

mechanical locking mechanism 1554 and supplemental tool 1550 contemplated herein. Further,
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active control systems using, ¢.g., remotely activated latches or electromagnetism may be used,
for instance in circumstances where control over attachment and release is desired in a surgical
context.

[00148] Fig. 16 shows a surgical apparatus with a protective shield on a distal end
thereof. Similar to the apparatus discussed above, the surgical apparatus 1600 may include a
flexible endoscopic device 1602, a body 1614 with a distal end 1616 and a proximal end 1618,
and a plurality of hollow cores (e.g., a first hollow core 1636 and a second hollow core 1638).
The surgical apparatus 1600 may further include a protective shield 1660 and a surgical laser
1662.

[00149] The plurality of hollow cores (e.g., a first hollow core 1636 and a second
hollow core 1638) may include working channels of the surgical apparatus 1600, and as such
they may include tools or the like for use in a surgical procedure (e.g., the protective shield 1660
and surgical laser 1662). One or more of the plurality of hollow cores may include concentric
tubes as described herein. The tools contained within the hollow cores may thus be steerable and
otherwise controllable.

[00150] The protective shield 1660 may be disposed at the distal end 1616 of the body
1614 as shown in the figure, e.g., in the first hollow core 1636. In an aspect, the protective shield
1660 is formed of a material selected to protect a surgical site from laser energy provided by a
surgical laser operating at the distal end 1616 of the body 1614. The protective shield 1660 may
thus include a laser shield, a laser/radiation absorber, or the like, ¢.g., fashioned of a
biocompatible material that can be positioned over sensitive tissue in close proximity to laser
treatment (e.g., by the surgical laser 1662), or more generally between the sensitive tissue and a
laser source, to protect the sensitive tissue. The protective shield 1660 may usefully be fashioned
of a laser absorbing material, or with a biocompatible laser absorbing finish, in order to more
generally prevent scattering of laser energy around a surgical site.

[00151] The surgical laser 1662 may be disposed at the distal end 1616 of the body
1614 as shown in the figure, e.g., in the second hollow core 1638. The surgical laser 1662 may
be any as discussed herein. Alternatively, in lieu of the surgical laser 1662, the second hollow
core 1638 may instead include any of the surgical tools or supplemental tools described herein,
where the protective shield 1660 protects a surgical site from these tools (or otherwise cooperates

with these tools, ¢.g., guiding the tool or tissue within the surgical site).
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[00152] The protective shield 1660 and the surgical laser 1662 may be independently
movable with respect to one another, or they may be configured for synchronized movement. In
an aspect, the protective shield 1660 and the surgical laser 1662 may be disposed in the same
hollow core or in different working channels according to size and other physical constraints.

[00153] The surgical apparatus 1600 may further include at least one steering wire
1664 coupling the protective shield 1660 to a controller 1612 on the proximal end 1618 of the
body 1614 to facilitate positional control of the protective shield 1660 from the proximal end
1618 during a surgical procedure. Positional control of the protective shield 1660 may also or
instead be provided by other means, e.g., concentric tubes.

[00154] The surgical apparatus 1600 may further include a control mechanism (e.g.,
the controller 1612, which may include any of the controls discussed herein) to steer at least one
of the protective shield 1660 and the surgical laser 1662 such that the protective shield 1660
protects areas around a surgical site being treated by the surgical laser 1662. In use, a protective
shield 1660 could, for example, be maneuvered into a position to protect neural structures exiting
the spinal canal as the inner radius of the area around the neural structure is increased via laser
ablation or other means.

[00155] Although lasers have been usefully applied in a variety of surgical contexts as
a tool for cutting or ablating tissue, there remains a need for a laser surgical tool to remove
ligamentum flavum in minimally invasive surgical treatment for, e.g., spinal stenosis or similar
conditions. Ligamentum flavum is a tough, rubbery connective tissue providing a portion of the
ligamentous stability to the spinal column, and in a hypertrophied state this tissue forms a
significant compressive pathology in degenerative spinal stenosis. The interaction of lasers and
this biological tissue have not been thoroughly studied, and the problem is a challenging one
raising design issues in disparate areas of lasers, optics, mechanics, and human
anatomy/physiology. To date, no effective solution for laser ablation of ligamentum flavum has
been demonstrated. By properly characterizing the various relevant heating and ablation
mechanisms, and by devising a mechanical system capable of delivering targeted laser energy in
constrained anatomical spaces, the applicant has devised a laser surgical system for treatment of
spinal stenosis by removal of ligamentum flavum from within the spinal cavity. In the following

description, the basic structure of a suitable laser system is described, followed by a number of
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characteristics and features of the resulting laser beam that affect performance in the context of
tissue removal, and more particularly, ligamentum flavum removal.

[00156] Fig. 17 shows an endoscopic body with a plurality of flaps in an undeployed
state. The endoscopic body 1700 may in general include any of the endoscopic bodies or tools
described herein, and may have a plurality of flaps 1702 or extendable flaps that can be deployed
to provide physical separation from, and protection to, surrounding tissue during a surgical
procedure as described above. In the embodiment of Fig. 17, the endoscopic tool 1704 is biased
forward by a spring 1706 or the like inside an exterior sleeve 1708, and when the endoscopic tool
1704 is drawn backward into the sleeve (i.c., to the right in Fig. 17), this physical motion can
apply a force to expand the plurality of flaps 1702 into a deployed position. More particularly as
illustrated, a flange 1712 on the endoscopic tool 1704 may slide into contact with a protrusion
1714 on an interior surface of one of the plurality of flaps 1702 to rotate that one of the flaps
1702 away from a longitudinal axis of the endoscopic tool and out into the deployed position, as
illustrated below in Fig. 18.

[00157] Fig. 18 shows an endoscopic body with a plurality of flaps in a deployed state.
The endoscopic body 1800 may be the device shown in Fig. 17, with a plurality of flaps 1802 in
a deployed state that provides physical separation from, and protection to, surrounding tissue
during a surgical procedure. As depicted here, an endoscopic tool 1804 is pulled into an exterior
sleeve 1808 (e.g., against a spring (not shown) or other biasing mechanism) thus physically
displacing the plurality of flaps 1802 into a deployed position. It will be noted that, as described
above, the plurality of flaps 1802 may have smooth, continuous edges 1810 in order to mitigate
tearing or other damage to tissue during deployment and retraction.

[00158] Fig. 19 shows an endoscopic device for removal of ligamentum flavum. In
general, the endoscopic device 1900 may include a body 1910, a camera 1920, a laser 1930, a
fiber optic 1940, and a controller 1950.

[00159] The body 1910 may in general be any of the endoscopic bodies described
above for use in a minimally invasive surgical procedure. The body 1910 may, for example, be
shaped and sized for insertion into a human spinal canal for use in a spinal cavity surgical
procedure. The body may have a first end 1912 for insertion into a patient, a second end 1914 for
controlling a surgical procedure, and a hollow core 1916 within the body 1910 between the first

end 1912 and the second end 1914. The hollow core 1916 may include one or more channels or
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other passages or openings for functionally coupling a variety of tools on the first end 1912
where a procedure is performed to power, data, mechanical controls, and materials (e.g., saline)
on the second end 1914 where a user controls a surgical procedure. The body 1910 may usefully
incorporate a standoff at the first end 1912 including any structure or combination of structures
suitable for enforcing a minimum separation distance and/or orientation between the first end
1912 (and the output of the optical fiber 1940) and a target surface. This may include a number
of legs or the like, which may be fixed or retractable according to the intended use of the body
1910.

[00160] The camera 1920 may be any suitable still or video camera positioned on the
first end 1912. The camera 1920 may have a field of view 1922 projecting from the first end
1912 where images of a surgical site can be obtained. The camera 1920 may be optically or
electrically coupled with a coupling 1924 through the hollow core 1916 to the second end 1914
using any technique known in the art. The camera 1920 may be controlled with the controller
1950 and images from the camera 1920 may be presented on a display 1960 in order to provide
visual feedback to a user during a procedure or to present output from the camera 1920 for any
other reason.

[00161] The laser 1930 may be coupled to the second end 1914 of the body 1910 and
may be operable to provide coherent light at a wavelength selected to remove ligamentum
flavum from a surgical site. The wavelength may, for example, be an infrared wavelength
selected to ablate ligamentum flavum through fracturing of extracellular matrix due to thermal
heating of water preferentially over direct photodecomposition of extracellular matrix, e.g.,
where laser energy is absorbed by water, which subsequently heats and fractures the extracellular
matrix. The peak absorption wavelength for water is around 1920 nanometers, although other
higher and lower wavelengths in the infrared range also exhibit significant absorption and release
of optical energy, and may also or instead be employed. For example the laser 1930 may include
a Ho:YAG laser, a readily commercially available laser that outputs light at a wavelength of
about 2080 nanometers. In this range where thermal heating of water is the primary mechanism
for tissue destruction, the macroscopic mechanical and thermal damage to adjacent tissue can be
extensive, requiring additional hardware to mitigate these fringe effects.

[00162] In another aspect, the wavelength may be an ultraviolet wavelength selected to

ablate ligamentum flavum through direct photodecomposition of extracellular matrix
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preferentially over fracturing of extracellular matrix due to thermal heating of water, such as a
laser that outputs light at a wavelength below 300 nanometers or a laser that outputs light below
400 nanometers. For example, the laser 1930 may include a frequency quadrupled Nd:YAG
laser, a readily commercially available laser that outputs light at a wavelength of about 266
nanometers. This wavelength has been demonstrated to effectively remove tissue through direct

photodecomposition—more specifically through decomposition of collagen bonds within

ligamentum flavum tissue—while reducing fringe effects due to uncontained thermal heating or
beam diffraction. As such, an ultraviolet laser may be particularly suitable for tissue removal in
sensitive areas where some care and precision is required to avoid removing, e.g., sensitive
neural tissue or the like. At the same time, it can be more difficult to transmit these wavelengths
through conventional fiber optics, and remediation such as the use of high —OH (hydroxyl) fibers
may be required.

[00163] The fiber optic 1940 may have a laser end 1942 coupled to the laser 1930 to
direct an output of the laser 1930 through the hollow core 1916 to the first end 1912 of the body
1910 of the endoscopic device 1900 and out an output end 1944 toward a target within the field
of view 1922 of the camera 1920.

[00164] In general, the output of the optical fiber 1940 may exhibit some diffraction of
light exiting the output end 1944. This characteristic may be particularly problematic when using
infrared lasers, where peripheral heating effects in the diffraction region may cause significant
thermal heating without removing tissue, resulting in charring or other undesirable tissue
damage. In order to mitigate these diffraction effects, the optical fiber 1940 may include an
optical element 1946 that focuses a beam exiting the output end 1944 into a fluence spatial
pattern having steep sides. This fluence spatial profile may be more specifically adapted to
reduce heating of peripheral non-ablated tissue of a target surface exposed to the beam, i.c.,
tissue that is exposed to a portion of the beam with sufficient energy to heat and char the tissue
without sufficient energy to decompose and remove the tissue. In one aspect, the optical element
1946 may optionally include a lens on the output end 1944 of the fiber optic 1940 that focuses
the beam into a suitable diffraction-limited beam. In another aspect, the optical element may be
the fiber optic 1940 itself, which may have a low Numerical Aperture selected to reduce a
divergence of the beam at the output end 1944 of the fiber optic 1940. By way of non-limiting

example, a Numerical Aperture of below 0.4 has been demonstrated to usefully reduce edge
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diffraction effects in an exiting beam. The properties of undesirable heating patterns, and spatial
fluence profiles for mitigating same, are discussed in greater detail below.

[00165] In one aspect, the optical fiber 1940 may be selected to match an output
wavelength of the fiber. For example a fiber with a low hydroxyl content not exceeding two parts
per million may be usefully employed for infrared lasers, where the low hydroxyl content silica
transmits infrared wavelengths more efficiently. Similarly, a fiber with high hydroxyl content not
less than six hundred parts per million may be used to more efficiently transmit wavelengths in
the ultraviolet range. High hydroxyl fiber may also exhibit brittleness, which may be mitigated
with a hardened cladding or the like in order to facilitate bending for use in endoscopic
applications.

[00166] The controller 1950 may include any suitable hardware and software coupled
in a communicating relationship with other components of the endoscopic device 1900 and
operable to control various aspects thereof. The controller 1950 may, for example, be coupled to
the laser 1930 and programmed to deliver a sequence of pulses from the laser 1930 through the
optical fiber 1940 and toward the target with sufficient fluence for bulk tissue removal of
ligamentum flavum. A range of fluences may usefully achieve this objective. Depending on a
number of other factors such as pulse length, fluence spatial profile, wavelength, and so forth, a
fluence from about 35 Joules per centimeter squared to about 350 Joules per centimeter squared
have been demonstrated to remove tissue in a single pulse of an Ho:YAG laser, with a
substantially linear change in depth of tissue removal across this range. A multiple pulse
technique with this laser yielded adequate tissue removal for use as a surgical tool with 30 Q-
switched pulses at about 9 mJ/cm”2, although a lower limit for this technique was not
investigated. For a frequency quadrupled Nd:YAG laser, adequate ablation was demonstrated
between about 0.17 J/cm”2 and about 0.73 J/cm”2.

[00167] The endoscopic device 1900 may incorporate any of the supplemental tools
described herein, including active tools (e.g., tools electromechanically manipulated from the
control end of the body 1910) for imaging, tissue removal, laser steering and so forth, as well as
passive tools for cutting, hooking, and so forth. For example, the endoscopic device 1900 may
include a material supply 1970 such as a saline source coupled to a saline output 1974 at the first
end 1912 of the body through a material delivery duct 1972 or the like. Where a saline wash is
provided from the material supply 1970 through the material delivery duct 1972 (e.g., through
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operation of a manual or electromechanical pump), the saline wash may usefully augment a
surgical procedure in a number of ways. For example, the saline wash may be directed toward a
camera or light source in order to clean or clear debris that might obstruct optical functions. The
saline wash may also or instead be directed toward a surgical site for similar reasons, or to
provide cooling during a laser surgical procedure. For example, where heating from a laser is
poorly contained, there may be significant thermal damage to tissue surrounding a target without
removal of corresponding tissue. In order to mitigate these types of edge effects during laser
tissue removal, a saline wash may be periodically applied in order to cool tissue around the edge
of a fluence profile for a laser.

[00168] In another aspect, the entire spinal canal may be filled and slightly pressurized
with saline in order to effectively depress the dura mater and provide an expanded physical space
for movement and visibility. In another useful example of fluid delivery, the material supply
1970 may contain an epoxy, surgical glue, or other liquid to replace degenerated or diseased disc
material or bone. This may include materials that can be cured into a biosimilar structure to
match the mechanical and other properties of surrounding tissue as necessary or desirable for
proper physiological function, as well as any therapeutic materials, growth factors, or other
compounds to support regrowth and repair of existing tissue, or provide a scaffolding for same.
Where curing is desired for such a material, an ultraviolet light source, heating element, or other
active device may be deployed on the first end 1912 of the body 1910 to facilitate this curing
process under control of the controller 1950.

[00169] The endoscopic device 1900 may optionally include a Q-switch 1932 operable
to produce a pulsed laser output from the laser 1930. In general, the Q-switch may be any
variable optical attenuator such as an acousto-optic attenuator or the like positioned within an
optical resonator of the laser 1930 to control energy stored within the laser gain medium and
release the stored energy in short pulses. A variety of attenuators are known in the art and may
be adapted to control operation of the laser 1930 as contemplated herein, more specifically by
permitting shorter pulse lengths with useful surgical properties. The controller 1950 may be
coupled to the laser 1930 and the Q-switch 1932 and programmed to deliver a sequence of Q-
switched pulses from the laser 1930 through the optical fiber 1940 toward a target with a

sufficient fluence for bulk tissue removal of ligamentum flavum and with a pulse length that is
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sufficiently short to prevent regions of reduced fluence in a beam exiting from the output end
from causing non-ablative heating damage to regions of tissue around a periphery of the target.

[00170] For example, without a Q-switch, a commercially available Ho:YAG laser
might be operated with a pulse length of about 140 microseconds full width half maximum
(FWHM). Using the Q-switch 1932, the controller 1950 may be configured to operate the same
laser at a significantly shorter pulse length such as a pulse length of about 260 nanoseconds
FWHM. Similarly, with a Q-switch the controller 1950 may drive the laser 1930 with a pulse
length of not more than 20 nanoseconds FWHM, not more than 5 nanoseconds FWHM, not more
than 1 nanosecond FWHM, or not more than 1 picosecond FWHM.

[00171] By using shorter pulse lengths in this manner, the treated area has less time to
increase in temperature due to thermal heating, and as such the requirements for thermal control
can be relaxed. This may, for example, relieve the need for frequent saline rinsing to reduce
temperature between exposures, or reduce the need for focusing lenses that might otherwise be
necessary to produce a diffraction-limited beam. At still shorter pulse lengths, e.g., in the
femtosecond range at 1 picosecond or less, pulses can achieve very high ablation efficiency with
virtually no artifacts of thermal heating such as stress, deformation, charring, and so forth. Lasers
operating in this range can provide significantly sharper and cleaner edges around a target site,
and further reduce any need for supplemental thermal or optical management.

[00172] Fig. 20 shows a fluence spatial pattern for a laser on a target surface. In
general, the fluence spatial pattern characterizes the intensity (e.g., in Joules per centimeter
squared (J/cm”2)) in a beam as height on a z-axis 2005 according to location in a horizontal
plane 2010 that the beam intersects, which may approximate a target surface for a surgical
procedure. It will be noted that the three-dimensional surface 2040 bounded by this fluence
spatial pattern 2000 forms a substantially top-hat pattern or cylinder characterized by steep roll-
off at a periphery of the beam and a relatively uniform energy within the beam region. This can
also be seen in a first cross section 2020 and a second cross section 2030 of the fluence in a plane
passing through a center of the beam region. The steepness of this roll-off can be characterized in
a variety of ways. For example, the steepness of the edges of the top-hat profile may be
measured as a normalized or average difference between areas of 10% of peak and 90% of peak.
An adequate profile for a Ho:YAG laser using this metric, for example, may be between 0.9 and

1.0 (perfectly vertical). The fluence spatial pattern may be similarly characterized according to
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side lobes, which are preferably at least 30 dB below the peak value within the beam region. It
will be appreciated that the actual fluence spatial pattern may vary according to the wavelength
of light used and the fiber that the light is transmitted through. Particularly in applications with
infrared lasers, where thermal heating can be harmful to peripheral tissue, or more generally
where poor thermal containment of the ablated region results in tissue damage to intact tissue
around a target arca, lenses or other optical elements may be usefully incorporated to improve
the fluence spatial pattern 2000 for more uniform ablation results.

[00173] The apparatuses relating to the cutting tool, the locking mechanism, and the
protective shield discussed above may be outfitted, supplemented, or may have elements
replaced with any of the other features and tools otherwise described herein and/or may be
combined with one another or other surgical tool features described herein for performing
surgical operations or steering an endoscopic within a spinal canal or similarly constrained space.
For example, the surgical apparatus may include one or more concentrically nested and curved
tubes within the body of the endoscopic device. The concentrically nested and curved tubes may
be operable to control a curvature of tubes of a surgical tool (or other device) disposed in a
hollow core. The surgical apparatus may also or instead include at least one of a magnet coupled
to the device near the distal end, a control wire coupled between the proximal end and the distal
end to control a positon of the distal end relative to the proximal end, one or more balloons
coupled to an exterior of the body and inflatable to move the body within a surgical cavity, and
so forth. The surgical apparatus may also or instead include an endoscope positioned within
device, e.g., in one of the hollow cores therein, or the body may otherwise include an endoscope.

[00174] The above systems, devices, methods, processes, and the like described herein
may be used in endoscopic surgery within the spinal canal. An envisioned use includes spinal
decompression by ablation of ligamentum flavum, wherein the endoscope is introduced through
the sacral hiatus. With the addition of the tools disclosed herein, surgeries of increased
complexity can be performed. A laser shield could, for example, be used to protect neural
structures exiting the spinal canal as the inner radius of the area around the neural structure is
increased via laser ablation or other means. The surgical tools may also or instead enable
endoscopic access inside of the dura mater, allowing for tumor removal when the tumor is in

direct contact with the spinal cord or other neural structures.
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[00175] The above systems, devices, methods, processes, and the like may be realized
in hardware, software, or any combination of these suitable for a particular application. The
hardware may include a general-purpose computer and/or dedicated computing device. This
includes realization in one or more microprocessors, microcontrollers, embedded
microcontrollers, programmable digital signal processors or other programmable devices or
processing circuitry, along with internal and/or external memory. This may also, or instead,
include one or more application specific integrated circuits, programmable gate arrays,
programmable array logic components, or any other device or devices that may be configured to
process electronic signals. It will further be appreciated that a realization of the processes or
devices described above may include computer-executable code created using a structured
programming language such as C, an object oriented programming language such as C++, or any
other high-level or low-level programming language (including assembly languages, hardware
description languages, and database programming languages and technologies) that may be
stored, compiled or interpreted to run on one of the above devices, as well as heterogeneous
combinations of processors, processor architectures, or combinations of different hardware and
software. In another aspect, the methods may be embodied in systems that perform the steps
thereof, and may be distributed across devices in a number of ways. At the same time, processing
may be distributed across devices such as the various systems described above, or all of the
functionality may be integrated into a dedicated, standalone device or other hardware. In another
aspect, means for performing the steps associated with the processes described above may
include any of the hardware and/or software described above. All such permutations and
combinations are intended to fall within the scope of the present disclosure.

[00176] Embodiments disclosed herein may include computer program products
comprising computer-executable code or computer-usable code that, when executing on one or
more computing devices, performs any and/or all of the steps thereof. The code may be stored in
a non-transitory fashion in a computer memory, which may be a memory from which the
program executes (such as random access memory associated with a processor), or a storage
device such as a disk drive, flash memory or any other optical, electromagnetic, magnetic,
infrared or other device or combination of devices. In another aspect, any of the systems and
methods described above may be embodied in any suitable transmission or propagation medium

carrying computer-executable code and/or any inputs or outputs from same.
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[00177] It will be appreciated that the devices, systems, and methods described above
are set forth by way of example and not of limitation. Absent an explicit indication to the
contrary, the disclosed steps may be modified, supplemented, omitted, and/or re-ordered without
departing from the scope of this disclosure. Numerous variations, additions, omissions, and other
modifications will be apparent to one of ordinary skill in the art. In addition, the order or
presentation of method steps in the description and drawings above is not intended to require this
order of performing the recited steps unless a particular order is expressly required or otherwise
clear from the context.

[00178] The method steps of the implementations described herein are intended to
include any suitable method of causing such method steps to be performed, consistent with the
patentability of the following claims, unless a different meaning is expressly provided or
otherwise clear from the context. So for example performing the step of X includes any suitable
method for causing another party such as a remote user, a remote processing resource (€.g., a
server or cloud computer) or a machine to perform the step of X. Similarly, performing steps X,
Y and Z may include any method of directing or controlling any combination of such other
individuals or resources to perform steps X, Y and Z to obtain the benefit of such steps. Thus
method steps of the implementations described herein are intended to include any suitable
method of causing one or more other parties or entities to perform the steps, consistent with the
patentability of the following claims, unless a different meaning is expressly provided or
otherwise clear from the context. Such parties or entities need not be under the direction or
control of any other party or entity, and need not be located within a particular jurisdiction.

[00179] It will be appreciated that the methods and systems described above are set
forth by way of example and not of limitation. Numerous variations, additions, omissions, and
other modifications will be apparent to one of ordinary skill in the art. In addition, the order or
presentation of method steps in the description and drawings above is not intended to require this
order of performing the recited steps unless a particular order is expressly required or otherwise
clear from the context. Thus, while particular embodiments have been shown and described, it
will be apparent to those skilled in the art that various changes and modifications in form and
details may be made therein without departing from the spirit and scope of this disclosure and are
intended to form a part of the invention as defined by the following claims, which are to be

interpreted in the broadest sense allowable by law.
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CLAIMS

What 1s claimed is;

1. A method comprising:

providing a model of a surgical canal of a patient, the surgical canal including a surgical
entry point, a supporting tissue region, a soft tissue region, and a surgical target, wherein the
surgical canal has a curvature; and

forming a surgical tool having a distal tip into a compound curve, the compound curve
including at least a first bend positioned to provide a point of contact between the surgical tool
and the supporting tissue region of the surgical canal when the distal tip is positioned for a
procedure on the surgical target, thereby providing mechanical support for a position of the distal
tip, and the compound curve including a second bend positioned to direct the distal tip toward

the surgical target.

2. The method of claim 1 wherein the mode! includes a two-dimensional image of the
surgical canal.
3. The mcthod of claim 2 whercin the two-dimensional image is a cross scection of a spinal

canal of a patient.

4, The method of claim 1 wherein the surgical tool includes at least one of an endoscope

and a cannula for the endoscope.

5. The method of claim 1 further comprising positioning a balloon at a location between the

surgical tool and the soft tissue region.

6. The method of claim 5 further comprising inflating the balloon to provide a soft barrier

between the surgical tool and the soft tissue region.

7. The method of claim 1 further comprising steering the distal tip of the surgical tool.
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3. The method of claim 7 further comprisirg stecring the distal tip toward the surgical

target.

9. The method of claim 7 further comprisirg steering the distal tip away from the soft tissuc

region.

10.  The method of claim 7 further comprising steering the distal tip with a wire mechanically
coupled through the surgical tool from a control end to the distal tip or by applying an external

magnetic field to impart 2 force to move one or more magnets coupled to the surgical tool.

11.  The method of claim 7 further comprising steering the distal tip by rotating or translating
one or more concentrically nested tubes within the surgical tool having different curvatures or

stiffnesses.

12. A device comprising;

a surgical tool having a body, a control end, and a distal end, the body shaped and sized
for insertion past a sacral hiatus and into a spinal canal of a patient, the control end positioned
outside the patient when the surgical tool is positioncd for use, and the distal end positioned
inside the spinal canal when the surgical tool is positioned for use; and

a compound curve in the body of the surgical toel, the compound curve including at least
a first bend positioned to provide a point of contact between the surgical tool and a supporting
tissue region of the spinal canal when a distal tip of the distal end is positioned for a procedure
on a surgical target within the spinal canal, thereby providing mechanical support for a position
of the distal tip, and the compound curve including a second bend positioned to direct the distal

tip toward the surgical target.

13.  Thedevice of claim 12 wherein the first bend has a predetcrmined stiffness selected to
deform to a native curvature of the spinal canal in order to retain adequate mating contact

between the body and a wall of the spinal canalin a region between a first apex of the first bend
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and a second apex of the second bend to retain the distal end in a fixed position relative to the

surgical target.

14, The device of claim 13 wherein the predetermined stiffness retains the second apex in

contact with the wall of the spinal canal.

15.  The device of claim 12 wherein the second bend directs the distal end toward the surgical

target when the surgical tool is placed for use.

16.  The device of claim 12 wherein the surgical tool is an endoscope or a cannula for an

endoscope.

17.  The device of claim 12 further comprising at least one of a magnet coupled to the body
near the distal end, a control wire coupled between the control end and the distal end to control a
positon of the distal end relative to the body, one or more concentrically nested and curved tubes
within the body operable to control a curvature of the second bend, and one or more balloons

coupled to an exterior of the body and inflatable to move the body within the spinal canal.

18.  The device of claim 12 wherein the body has an outside diameter not greater than 3 mm.

19.  The device of claim 12 further comprising a surgical laser and an optical fiber positioned

to transmit optical energy from the surgical laser through the body to the distal tip.

20.  The device of claim 12 further comprising an electrosurgical radio frequency device

coupled to the distal end and operable for radio frequency ablation of the surgical target.
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