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(57) Abstract: The present invention relates to a steerable catheter device and method of using the same comprising a catheter body
having a distal section. The distal section of the catheter body has an inner lumen, and one or more steering lumen radially offset
from the inner lumen. The steering lumen comprise a first end having a first diameter and a second end having a second diameter
smaller than the first diameter. A fluid source is in fluid communication with the steering lumen for supplying fluid thereto to radi-
ally distend the first end of the steering lumen such that the catheter body bends away from the steering lumen. In some cases, a va -
cuum is supplied to an opposite lumen to further assist bending of the catheter body. The inner lumen may include a porous material
that is utilized to clean an instrument, such as an imaging device, movably disposed in the inner lumen.
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STEERABLE CATHETER

FIELD OF THE INVENTION

[0001] The present invention relates to systems and methods for
moving a catheter in bodily cavities. More specifically, the present invention
relates to a catheter having at least one lumen that expands and/or contracts
when at least one of pressure and vacuum is/are applied, which allows the

catheter to be steered.

BACKGROUND OF THE INVENTION

[0002] In general, catheters are used in medical procedures in which
tubular structures, lumens, pleural cavities or spaces of the body, such as
airways, vessels, organs and joints, are diagnostically examined and/or
therapeutically treated. Catheters, which can be introduced into the body
through a natural orifice or through an incision, can deliver imaging devices,
surgical instruments, implants, fluids, drugs, pharmacologic materials, biologic
materials, biologic agents and therapeutics to treat or remedy various
pathologies found therein. Catheters also guide and deliver other
components, such as guide wires, scaffolds and tools, to the intended site

within the body.
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[0003] Flexible, semi-rigid and rigid endoscopes are widely used in
medicine to provide direct visualization for diagnostic and therapeutic
purposes. Flexible, semi-rigid and rigid endoscopes are available in many
sizes and configurations intended for use in different parts of the body and for
a variety of diagnostic and therapeutic procedures. The visualization device
(i.e., a fiber optic image bundle or a sensor at the distal tip of the device),
together with the means for illumination, are an integral part of the endoscope.
Endoscopes may also provide working channels to guide and deliver other
instruments to the desired site. Endoscopes and endoscopic systems are,
currently, a reusable and expensive resource in a physician’s armamentarium.
In addition, the endoscopic equipment systems required to operate

endoscopes are often large, bulky and relatively immobile devices.

[0004] A limitation in the utility of the flexible endoscope is that their
outer diameters are often too large, their inner ‘working channel’ diameters
are often too small, and their lengths are often inadequate to appropriately
diagnose and treat the anatomy and corresponding pathologies found in the
far reaches of the body’s organs, vessels and spaces. A further limitation of
the utility of the flexible endoscope is that the articulation of the distal tip, and
thus, its maneuverability, is accomplished through two or more wires that run
along the body of the flexible endoscope. These wires are attached to
complicated mechanical structures that control the wires in manipulating the
flexible endoscope’s distal tip. As such, the maneuverability is limited by the
capabilities of the mechanical structures that control the wire. In addition,

optimizing the external and internal diameters of the flexible endoscope is
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limited by the size and requirements of the wires and their associated

mechanical structures.

[0005] Additionally, complications sometimes arise when a flexible
endoscope malfunctions and it becomes difficult to remove the flexible

endoscope from the body.

[0006] Many flexible, semi-rigid and rigid endoscopes have openings,
or channels, that run through the elongated body of the endoscope. It is
through these channels that catheters, in addition to other instruments and
devices, are often placed to provide delivery of various therapeutic remedies

to treat the anatomy and pathology found therein.

[0007] In many cases, catheters are used independent of direct
visualization. In these cases, catheters are usually placed in the body using
indirect visualization, such as radiography or fluoroscopy. These indirectly
visualized catheters are typically used to reach the human heart and the
coronary arteries. Here, guide wires, guiding catheters, and catheters with
pre-shaped distal tips, some of which are inserted within one another in the
effort to reach the desired location within the heart and the coronary arteries,
are used. While these devices come in many sizes and lengths, they are
made specific to a particular location within the body that is the targeted
diagnosis and treatment site. Moreover, in these methods, the articulation of

the distal tip is not independent of the body location and the catheter does not
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have specific controls at the proximal end to sufficiently control or modify the
articulation at the distal tip. Consequently, the navigation and maneuverability
of catheters requires great skill, relegating their utility and functionality to the

experience and competence of the user.

[0008] Accordingly, a new class of steerable catheters has been
suggested, such as that disclosed in U.S. Patent No. 7,608,056 to Kennedy,
II. Kennedy Il discloses a steerable, fluid forced catheter adapted with a tool
receiving passageway or working channel, where the distal portion of the
catheter body is tapered. The distal end is steered by way of at least one
chamber body having a proximal opening and terminating at an occluded
distal end, which is offset from the radial central longitudinal axis and
positioned within the catheter. The channel body may be operatively coupled
to a fluid actuator for injecting and withdrawing fluids to articulate the end
portion and steering tip of the catheter through increase and decrease in
pressure within the working channel. Radial compression resistant
reinforcements (core plug/filler) within the distal end or steerable tip portion
inhibit radial inward expansion (ballooning) of the occluded end of a steering
channel caused by a change in internal pressure of one or more chamber
body occluded ends. Thus, the catheter is steered by axial stretching of the
occluded end of channel body(ies) to achieve bending positions ranging from

1 to 15 degrees.
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[0009] However, this particular device and method suffers from a
number of disadvantages and shortcomings. Significantly, the catheter is
limited to bending angles of only 1 to 15 degrees, and a vacuum or negative
pressure of some type would be required to achieve bending at the higher end
of this bending range. Further, the distal steering tip is limited to bending in

the axial plane.

[0010] U.S. Patent Application Publication No. 2010/0010437 to Miles
also discloses a steerable catheter tip with one or more steering lumens each
offset from the longitudinal axis of the catheter body. Increasing the internal
pressure of one or more of the steering lumens using a pressure source or
heating a thermally expansive material in the steering lumen operates to curl
the longitudinal axis of the elastomeric cylindrical body. The inner radial wall
thickness between each of the steering lumens and the central lumen is
greater than the outer radial wall thickness between each of the steering
lumens and an outer surface of the tubular sidewall to ensure greater relative
expansion along the radially outer region of the sidewall than the radially inner
region in order to cause curling towards the direction of the pressurized
lumen. As a result, the catheter bends towards the internally pressurized
steering lumen(s) for steering the catheter tip, rather than away from the

lumen as taught by Kennedy, II.

[0011] Thus, it is unclear whether the distal tip of Miles has suitable

elasticity and Young’s modulus to achieve maximum bend of the distal tip
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without deformation or fatigue, or whether it has suitable memory to regain
and maintain the steerable catheter’s elongation and linear rigidity after
bending the distal tip and after repetitive bending of the distal tip. Itis also

unclear if the tip is capable of tight turns of up to 150 degrees.

[0012] A further disadvantage of both of the above steerable catheters
is that, when an imaging device is employed to help steer the catheter, such
as an image fiber or image sensor, there is no mechanism for cleaning the
device when it is retracted into the catheter after having been extended out

into the bodily cavity.

[0013] What is desired, therefore, is a steerable catheter that can be
operated using fluid pressure and/or vacuum. What is also desired is
steerable catheter that is able to make very tight turns with a short, steerable
distal section and where the diameter of the catheter is as small as possible.
What is also desired is a steerable catheter with a mechanism for cleaning an
imaging device, such as an image fiber or image sensor, that is used to help
steer the catheter. What is further desired is to have the above described

catheter that can be manufactured at low cost as a disposable product.

SUMMARY OF THE INVENTION

[0014] Accordingly, it is an object of the invention to provide a simple to

use, lightweight, low cost, highly accurate, steerable catheter system where
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the catheter can be introduced into the body under direct and/or indirect

visualization and can be made portable and disposable.

[0015] It is another object of the invention to provide a steerable
catheter that serves to eliminate the need to use large wires and complicated

mechanical structures to articulate the distal tip of a catheter.

[0016] It is a further object of the present invention to provide a
steerable catheter having a distal end that is able to bend in as many degrees
and planes as possible so that the catheter can be maneuvered through very
tight turns within the body, such as airway passages, vessel bifurcations,
lumens, pleural cavities, and spaces within the tubular structures and capsular

spaces of the body.

[0017] It is still another object of the present invention to provide a
steerable catheter where the maximum bend of the distal end of the catheter

can be achieved with minimum pressures and forces.

[0018] It is a further object of the present invention that an imaging
device used to help steer the catheter, such as an image fiber or image
sensor, may be cleaned as the device is retracted into and extended out of

the distal end of the catheter.

[0019] In order to overcome the deficiencies of the prior art and to

achieve at least some of the objects and advantages listed, the invention
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comprises a steerable catheter device, including a catheter body having a
distal section, the distal section having an inner lumen and a plurality of
steering lumens radially offset from the inner lumen, each steering lumen
having a first end having a first diameter and a second end having a second
diameter smaller than the first diameter, and a fluid source in fluid
communication with each of the plurality of steering lumens for supplying at

least one of a fluid and a vacuum thereto to change the diameter thereof.

[0020] In some embodiments, the distal end of each of the plurality of
steering lumens has an end wall, and the end wall moves axially in response
to the supply of at least one of a fluid and a vacuum thereto. In certain
embodiments, the first end is the distal end of the steering lumen and the
second end is the proximal end of the steering lumen. In some cases, each of
the plurality of steering lumens has a wall thickness that is smaller at the distal

end than at the proximal end.

[0021] In certain embodiments, the plurality of steering lumens
comprises first, second, third, and fourth steering lumens. In some cases, the
fluid source supplies fluid to a first one of the steering lumens while supplying
a vacuum to a second one of the steering lumens to bend the catheter body

away from the first steering lumen.

[0022] In some embodiments, the fluid source is a pump. In some

cases, the fluid is a gas.



WO 2012/118924 PCT/US2012/027205

-9-

[0023] In certain advantageous embodiments, the system further
includes an imaging system movably disposed in the inner lumen. In some
embodiments, the distal end of the inner lumen includes porous material, and
in some of those cases, the porous material is impregnated with a cleaning

solution.

[0024] In some embodiments, the distal end of the catheter body
comprises silicone. In other embodiments, the invention further includes a
coil spring disposed in the inner lumen. In some of those cases, the coil
spring has first and second sections, and a middle section between the first
and second sections, wherein the coils of the middle section are expanded
such that the middle section is more flexible than the first and second

sections.

[0025] In some embodiments, the catheter body has an outer diameter
that is less than about 3 mm. In some of those embodiments, the outer
diameter is less than about 2 mm. In certain cases, the inner lumen has a

diameter of at least about 1.2 mm.

[0026] In some embodiments, each of the plurality of steering lumens

includes at least one piezoelectric transducer.

[0027] The invention also comprises a steerable catheter device
comprising a catheter body having a distal end, the distal end having an inner

lumen and a steering lumen radially offset from the inner lumen, the steering
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lumen having a first end having a first diameter and a second end having a
second diameter smaller than the first diameter, and a fluid source in fluid
communication with the steering lumen for supplying fluid thereto to radially
distend the first end of the steering lumen such that the catheter body bends

away from the steering lumen.

[0028] In some embodiments, the fluid source further comprises a

vacuum source.

[0029] The invention also comprises a method of orienting a catheter
device within a bodily cavity, the method including positioning a catheter
within a bodily cavity, the catheter comprising a catheter body having an inner
lumen and a steering lumen radially offset from the inner lumen, the steering
lumen having a first end having a first diameter and a second end having a
second diameter smaller than the first diameter, and bending the catheter

body away from the steering lumen by supplying a fluid to the steering lumen.

[0030] In some embodiments, the method further includes the step of
bending the catheter body towards the steering lumen by providing a vacuum
to the steering lumen. In some cases, the steering lumen is a first steering
lumen, the catheter body has a second steering lumen radially offset from the
inner lumen, and the step of bending the catheter body away from the first

steering lumen further comprises supplying a vacuum to the second steering
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lumen. In certain embodiments, the steering lumen is a first steering lumen,
and the catheter body further includes second, third, and fourth steering

lumens.

[0031] In some embodiments, the method includes the step of pressing
a radially distended portion of a distal end of the catheter body against a
bodily cavity wall to provide leverage action to the distal end of the catheter

body.

[0032] In some embodiments, the step of bending the catheter body
away from the steering lumen further includes applying an electrical field

across at least one piezoelectric transducer in the steering lumen.

[0033] The invention also comprises a method of cleaning an imaging
device, the method comprising positioning an imaging device within a lumen
of a catheter, the lumen having a distal end including porous material, and

moving the imaging device through the porous material.

[0034] In some embodiments, the method further includes the step of

impregnating the porous material with a cleaning solution.

[0035] Other objects of the invention and its particular features and
advantages will become more apparent from consideration of the following

drawings and accompanying detailed description.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0036] FIG. 1 is a schematic view of a steerable catheter system in

accordance with the invention.

[0037] FIG. 2 is a perspective view of the distal end of the catheter of

FIG. 1.

[0038] FIG. 3A is a cross-sectional view of the catheter of FIG.2 along

line 3-3.

[0039] FIG. 3B is a partially cross-sectional view of the catheter of FIG.

2 along the line 6-6

[0040] FIG. 3C is a perspective view of the catheter of FIG. 2 showing

a means for disposing spring coil in the inner lumen.

[0041] FIG. 4 is an exploded, isometric view of the hand piece of FIG.1.

[0042] FIG. 5 is a cross-sectional view of the catheter of FIG. 2 along
line 6-6 showing an imaging system movable through porous material

contained therein.

[0043] FIG. 6A is a cross-sectional view of an alternative embodiment

of the catheter of FIG. 2 along line 6-6.
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[0044] FIG. 6B is a cross-sectional view of the catheter of FIG 6A.

[0045] FIG. 7A is a cross-sectional view of the catheter of FIG. 2 along

line 6-6 as pressure and vacuum are applied to the steering lumens.

[0046] FIG. 7B is a perspective view of the steerable catheter of FIG.

7A with pressure and vacuum applied to the steering lumens.

[0047] FIG. 8 is a partially exposed, perspective view of the catheter of

FIG. 2 being used in a bodily cavity.

DETAILED DESCRIPTION OF THE INVENTION

[0048] The basic components of one embodiment of a steerable

catheter in accordance with the invention are illustrated in Figure 1. As used

in the description, the terms “top,” “bottom,” “above,” “below,” “over,” “under,”

“above,” “beneath,” “on top,” “underneath,” “up,” “down, lower,”

upper,

“front,” “rear,” “back,” “forward” and “backward” refer to the objects referenced
when in the orientation illustrated in the drawings, which orientation is not

necessary for achieving the objects of the invention.

[0049] As shown in Figure 1,a steerable catheter, generally indicated at
reference character (10), includes an elongated catheter body (12) having an
elastomeric catheter tip (11) at the distal end, commonly referred to as the

distal tip. The catheter (10) is connected to a fluid source (21), which supplies
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fluid to the catheter body (12), and ultimately, the distal tip (11), via steering

lumens disposed therein, as further described below.

[0050] The fluid supplied to the steering lumens may be gas or liquid.
In certain advantageous embodiments, the fluid is a gas such as pressurized
air. In some cases, the fluid source is a pump, such as an electro-pneumatic
pump, and includes a vacuum source. The fluid source (21) may be an

integral part of the hand piece (20) or visa versa.

[0051] As can be seen in FIGS. 1 and 2, the catheter body (12) has a
generally cylindrical body that is shown in particular as a tubular member (13)
with an inner lumen (14). The cylindrical body (13) has a longitudinal axis (6-
6) along which the length of the cylindrical body (13) is defined. Extending
through substantially the entire length of the catheter body (12) is at least one,
and preferably two or more, steering lumens (15, 16, 17, 18). In particular, as
shown in FIGS. 2 and 3, four steering lumens (15, 16, 17, 18) are shown
integrally formed in as part of the tubular member (13) surrounding the inner
lumen (14). Each steering lumen (15, 16, 17, 18) is shown radially offset from
the inner lumen (14) and the longitudinal axis (6-6) of the cylindrical body (12).
In certain advantageous embodiments, the inner radial wall thickness of each
of the steering lumens (15, 16, 17, 18) is greater at their proximal ends than
the inner radial wall thickness of each of the steering lumens (15, 16, 17, 18)

at their distal ends.
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[0052] While various elastomeric materials may be used for the distal

tip (11) portion of the catheter body (12), one exemplary material is silicone.

[0053] The catheter body (12) is made of a highly elastic material with a
low modulus of elasticity with minimized resistance to bending. The
elongated catheter body (12) may be constructed using a rigid or semi-rigid
material, such as, for example, polyether amide (PEBA). The outer diameter
of the catheter should usually be made as small as possible. Typically, the
outer diameter is less than about 3 mm. Preferably, the outer diameter of the

catheter body is less than 2mm.

[0054] In certain advantageous embodiments, the catheter body (12)
includes imaging markers, such as radio opaque rings, located throughout the
length of, or at or near, the distal tip (11). Such markers can be selected and
appropriately positioned in order to reflect the relevant waves of various
imaging modalities (e.g., x-ray) in order to allow the use of such modalities to
assist with the precise positioning of the catheter. In another advantageous

embodiment, the spring coil is radiopaque.

[0055] The inner lumen (14) may be used to deploy various
instruments, devices, or fluids into the desired part of the airway, vessel,
lumen, or pleural cavity of or other bodily cavity, such as an imaging device,
an instrument, a device, or a fluid. The inner lumen (14) may further be

divided into a plurality of lumens (not shown), through which an imaging
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device, an instrument, a device, or a fluid may be placed. The inner lumen(s)
can be used to deliver any number of things to assist with opening the cavity,
circulation, aspiration, respiration, the decomposition of an obstruction, or the
stimulation of healing in the affected area, including air, aspirates, drugs,
biologics, biogenetic agents, nano-particulates, solutions, stem cell and gene
therapies, and stents and scaffolds. Specifically, the catheter (10) could be
used for the deployment of pro-generative vehicles and/or catalysts in the
repair, treatment, and therapy of the targeted areas, including biologic, nano-
particulate materials and/or biogenetic materials, structures, scaffolds, and
similar devices and vehicles, including, for example, bone morphogenetic
proteins, microcrystalline nano-particulates, collagens, de-mineralized bone
chips, calcium-based structures, poly glycolic acids, poly lactic acids, and
hyaluronic acids. The catheter (10) can likewise be used for the deployment
of inert, inelastic, and semi-rigid materials, such as, for example, PEEK,

ceramic, cobalt chrome, titanium, and stainless steel.

[0056] The inner lumen (14) should be as large as possible to easily
pass an imaging fiber or an imaging device (as well as an illumination device)
having an outer diameter of approximately 1.2 mm, as well as various micro
biopsy forceps and drug delivery instruments. Accordingly, in certain
advantageous embodiments of the invention, the inner lumen (14) has a

diameter of at least about 1.2 mm.
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[0057] As depicted in FIGS. 3A-3C, the four steering lumens (15, 16,
17, 18) are shown in the four quadrants (i.e., East (18), West (16), North (15)
and South (17)) of the inner lumen (14) and spaced approximately equidistant
from one another. However, the steering lumens (15, 16, 17, 18) may be
spatially separated in any manner that is radially offset from the inner lumen
(14). While any one or more of these steering lumens (15, 16, 17, 18) can be
filled with pressured air in various amounts, the opposite steering lumen(s)
(15, 16, 17, 18) may be deflated with vacuum to facilitate the bending of the

distal tip (11).

[0058] Although not shown, other lumens can be included along the
length of the catheter (10) as auxiliary-working channels to deliver drugs,
agents and/or other micro-instruments and/or assist the bending motion of the

distal tip.

[0059] The inner lumen (14) may be lined with a coil spring (33),
depicted by a ring in FIG. 3A, to assist the bending motion of the catheter
body and distal tip. The coil spring (33) allows the distal tip to be stiffer and
stay straight while the catheter is being pushed through the body vessel. The
coil spring (33) can be molded over during the catheter extrusion process and
can run the entire length of the catheter. Alternatively, the distal tip (11)
and/or catheter body, may be molded or extruded in a first step and the coil

spring (33) may be disposed within the inner lumen (14).
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[0060] FIG. 3B illustrates an advantageous embodiment of the distal tip
(11) including a coil spring (33) disposed in the inner lumen (14). The
cylindrical body (13) has been extruded around the coil spring (33). In this
embodiment, the coils in the center section (41) of the coil spring are
expanded to make them more bendable when pressure and or vacuum are
applied to the steering lumens (15, 17, 18). The coils at the distal (40) and
proximal sections (42) of the coil spring (33) are not expanded, making them

more resistant to bending.

[0061] FIG. 3C illustrates a method of disposing the inner lumen with
coil spring (33). The catheter body (12) and distal tip (11) are provided as
separate components. The catheter body (12) comprises the coil spring (33),
a portion of which extends outside of the distal portion of the catheter body
(12) and remains exposed. The exposed portion of the coil (33) is
approximately the same length as the distal tip (11). The catheter body (12)
may be extruded around the coil spring (33), or the catheter body (12) may be
molded or extruded in a first step and the coil spring (33) may be disposed in
the inner lumen as a liner. As shown in FIG. 3C, the exposed portion of the
coil spring (33) comprises an expanded center portion (41) surrounded by
less expanded coils on the proximal (42) and distal (40) sides of the expanded
portion (41). The exposed portion of coil spring (33) may be disposed within
the inner lumen (14) of the distal tip (11) by pushing the exposed coil into the

inner lumen (14) or sliding the inner lumen (14) over the exposed coil. A
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locking member (44) comprising a lumen may be provided to facilitate
coupling of the distal tip (11) to the catheter body (12). As show in FIG. 3C,
the locking member (44) connects the distal portion of steering lumens (15,

17) to a working lumen (45, 47) within the catheter body (12).

[0062] As shown in FIG. 2, the steering lumens (15, 16, 17, 18) extend
from the proximal end through the elongated catheter body (12) to an
endpoint within the elastomeric distal end (11). The diameter of the steering
lumens (15, 16, 17, 18) is tapered along the longitudinal axis such that the
proximal end has a diameter that is smaller than the diameter at the distal
end. This tapering also causes the wall thickness at the distal end to be
smaller than the wall thickness at the proximal end. The diameter of the inner
lumen (14) is preferably consistent throughout the longitudinal axis. The inner
lumen (14) also extends from the proximal end through the elongated catheter
body to an opening (19) in the distal end (11). The proximal end of the
catheter body (12) provides suitable termination for the steering lumens (15,
16, 17, 18) to be connected to a control hand piece (20), as illustrated in FIG.
1, and the inner lumen (14), or any plurality of inner lumens that may serve as

an access port for other instruments, devices or fluids.

[0063] As shown in FIGS. 1 and 4, the pressure controller or hand
piece (20) is provided for selectively and independently controlling the level of
pressurized fluid delivered to each of the steering lumens from the

pressurized fluid source. FIG. 4 shows the proximal end (29) of catheter (10)



WO 2012/118924 PCT/US2012/027205

-20 -

available for connection to a hand held device (22) that includes a control
mechanism (23), or a plurality of control mechanisms, that can be articulated
to any location along a 360° circle and translated in any plane. In doing so,
the distal tip will bend accordingly in three-dimensional space. The device

(22) also comprises a connection (24) to a fluid source.

[0064] The steering lumens (15, 16, 17, 18) may be coupled to
pressure ports (25, 26, 27, 28), which control the flow of fluid from the fluid
source to the respective individual steering lumens. The steering lumens (15,
16, 17, 18) may directly couple to the ports (25, 26, 27, 28) for direct control of
the pressurized fluid from the pressurized fluid source. Alternatively, another
coupling member may be provided for channeling pressurized fluid from the
ports (25, 26, 27, 28) to the steering lumens (15, 16, 17, 18). Pressure lines
(not shown) may, for example, be molded or extruded into the walls of the
elongated catheter body (12) to connect the steering lumens (15, 16, 17, 18)
to the pressure ports (25, 26, 27, 28). It is appreciated that the device (22)

may include valves and valve control devices/electronics as known in the art.

[0065] Microprocessor-controlled solenoid valves may be used to
control the fluid flow and vacuum. Additionally, fluid pressure may be
continuously monitored by a microcontroller using a pressure regulator at the
input from a tank, output of the regulator, and output to the steering lumens
(15, 16, 17, 18). Appropriate pressure regulators, such as, for example, Festo

model SDET-22T-D10-G14-U-M12, provide to the microcontroller analog
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electrical signal (0V-10V) inputs that vary proportionally to the pressure at the
regulators. The gas may pass through an electronic flow meter, such as a
Festo model SFET-F010-L-WQ6-B-K1, and a filter, before being delivered to

the steering lumen (15,1 6, 17, 18).

[0066] Fig. 5 illustrates a cross-sectional view along the longitudinal
axis of a catheter tip (111). The distal tip (111) comprises an inner lumen
(114) and tapered steering lumens (115, 117) having a proximal end diameter
that is smaller than diameter at the distal end. This view shows the inner
lumen (114) and the steering lumens (115, 117) contained within the tubular
member (113) of the distal tip (111). In the illustrated embodiment, the distal
opening (119) of the inner lumen (114) is filled with a porous material (122),
which allows an instrument (133) or any other device that may be inserted
through the inner lumen (114) passage to the bodily cavity. The purpose of
this porous material (122), which may be impregnated or soaked with a
suitable solution, is to clean any instrument (133) and/or devices as they pass
through the porous material (122). In the case of an imaging device, such as
an image fiber or image sensor, the lens can be cleaned as the device is
retracted into the inner lumen (114) and extended back out of the distal end

opening (119).

[0067] FIGS. 6A and 6B show an embodiment of the distal tip (11) of a
catheter of the present invention in which steering lumens (15, 16, 17, 18) are

lined with a silicone liner (34) comprising a coil spring (38). The distal end
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walls (35, 36) of steering lumens (15, 17) are also shown. As with the inner
lumen, the spring coil (38) allows the distal tip to be stiffer and stay straight
while the catheter is being pushed through the body vessel. The coils (38) in
the center section (31) of the distal tip are expanded to make them more
bendable when pressure and or vacuum are applied to the steering lumens.
The coils (38) at the distal (30) and proximal sections (32) of the bendable
distal tip (11) are not expanded, making them more resistant to bending. The
spring coil (38) can be molded over during the catheter extrusion process and
can run the entire length of the catheter or can be disposed within the steering
lumen after extrusion. The liner (34) can also include electrical conductors to
power micro-device components, such as piezoelectric devices (39) and/or

sensors, such as pressure and temperature transducers.

[0068] FIGS. 7A and 7B illustrate distending forces caused by applying
fluid from a fluid source (21), such as the below described pump, to the
elastomeric distal end (11) of the catheter of FIGS. 2, 3A-C or 6A-B. FIG. 7A
is a cross-sectional view showing the direction of internal fluid pressure in
steering lumen (15) as pressure is increased and the direction of internal
pressure in steering lumen (17) as vacuum is applied. FIG. 7B is a
perspective view of the bending of elastomeric catheter tip (11) of FIG. 7A that
is achieved after the internal pressure in steering lumen (15) is increased and

vacuum is simultaneously applied to steering lumen (17).
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[0069] When positive pressure is supplied to steering lumen (15), radial
forces which expand the cylindrical body (13) are produced. Additionally,
force is supplied to the lumen end wall (35), axially expanding the lumen (15)
and the distal tip (11). The radial forces acting on the cylindrical body (13) in
combination with any expanded coil in the center section of the distal tip (11)
and the increased diameter of the steering lumen (15) at its distal end cause
greater radial expansion (ballooning effect), which radially distends the
adjacent portion (50) of the catheter distal tip (11). When negative pressure
or vacuum is applied to steering lumen (17), the vacuum provides radial and
axial forces opposite those produced by the application of positive pressure,
contracting the lumen sidewall and end wall (36) and, in turn, the adjacent

wall of the distal tip (11).

[0070] It is advantageous that as the lumen (15) is pressurized, the
corresponding lumen in the opposite quadrant (17) is provided a vacuum.
This creates bending with a smaller radius (less than 0.5 inch). It is notable
that bending of the distal end (11) is not a jointed bending/hinging of
segments at various joint/hinge points. Rather, it produces a bent curve along
the length of the distal end (11). As previously discussed, the steering lumens
(15, 17) are tapered such that the inner diameter is greater at the distal end
than at the proximal end, and the inner radial wall thickness is smaller at the
distal end than at the proximal end. This is so that, when the steering lumen

is pressurized and distended, such as in FIGS. 7A and 7B, there is greater
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relative expansion in the flexible distal end than in the elongated catheter
body. The application of vacuum allows the ballooning effect to have an even

greater contribution than with positive pressure alone.

[0071] A pump that may be used to provide the fluid source described
above will hereafter be described. The pump may include an air compressor
and a pressure tank, such as a Festo model CRVZS-0.1. The air pressure in
the tank may be continuously monitored by a microcontroller which initiates
the compressor to operate via an electrical signal output when the tank
pressure drops below a certain pressure and displays the amount of air in the
tank. A check valve, such as a Festo model H-1/8-A/1, may be located
between the compressor and the tank in order to prevent the pressured gas
from flowing back into the compressor. In another variation of the pump, the
above-referenced compressor and pressure tank are not included, and the
pressurized air or carbon dioxide is instead provided from an external source,
such as gas tank or the operating room walls commonly found in an operating

room.

[0072] In certain advantageous embodiments, a vacuum source,
such as a Festo model VN-05-L-T3-PQ2-VQ2-R01-B, may also be included in
the pump so that negative pressure can be applied to the steering lumen (15,
16, 17, 18). The vacuum source may be turned on and off by a

microcontroller via an electrical output signal.
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[0073] In certain embodiments, a front panel of the pump includes an
interface for the hand piece (20), as previously described. This hand piece
(20) can be hardwired or wirelessly connected to the pump using readily
available communication technologies, such as infrared or radio frequency

(e.g., Bluetooth).

[0074] The invention is also meant to encompass steerable catheters
having only a single steering lumen. Such a single steering lumen
embodiment could be rotated about its longitudinal axis in order to change the

bending direction of the elastomeric catheter tip.

[0075] One method of orienting a catheter device within a bodily cavity
involves positioning any of the catheters described herein within a bodily
cavity and supplying a fluid to at least one steering lumen, preferably with a
pump of the type described above. One can then control the fluid supply
within the distal end of the steering lumen via a hand piece, as described
above. In certain advantageous embodiments, one would position a catheter
comprising a plurality of steering lumens within the bodily cavity and provide
vacuum to at least one steering lumen while another lumen is simultaneously
supplied with positive pressure. The above methods enable a catheter to

achieve very tight turns up to 150° with a short steerable distal section.

[0076] Another method of orienting a catheter device (300) within a

bodily cavity is illustrated in FIG. 8. The method involves positioning a
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catheter (300) including a catheter body (303) having a distal end, the distal
endcomprising at least one inner lumen (not shown) and a steering lumen (not
shown) radially offset from the inner lumen within a bodily cavity and
supplying a fluid to at least one of the steering lumen(s). As described above,
the steering lumen has a distal end having a first diameter and a proximal end
having a second diameter smaller than the second diameter. Upon fluid
supply to the at least one steering lumen, the resultant radially distended
portion of the catheter body (301) is pressed against a bodily cavity wall (302)
to provide leverage action to the distal end of the catheter body. The leverage
action further bends the tip of the catheter in the desired direction and enables
tighter turns than are possible by supply of fluid to the steering lumen(s)

alone.

[0077] Another method of bending the distal end of the catheter is
achieved by incorporating piezoelectric transducers in the catheter body, as
shown in Figure 6B. Piezoelectric transducers may be stacked along the
longitudinal axis of the catheter body with spacing material in-between them.
Application of an electrical field across each of the transducers causes them
to expand or contract, which generates strong longitudinal forces that stretch
or squeeze the flexible second end portion material and bends the flexible

second end portion in a desired direction.

[0078] It should be understood that the foregoing is illustrative and not

limiting, and that obvious modifications may be made by those skilled in the
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art without departing from the spirit of the invention. Accordingly, reference

should be made primarily to the accompanying claims, rather than the

foregoing specification, to determine the scope of the invention.
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What is claimed is:

1. A steerable catheter device comprising:
a catheter body having a distal section, the distal section having
an inner lumen; and

a plurality of steering lumens radially offset from said inner
lumen, each steering lumen having a first end having a first diameter and a

second end having a second diameter smaller than the first diameter; and

a fluid source in fluid communication with each of said plurality of
steering lumens for supplying at least one of a fluid and a vacuum thereto to

change the diameter thereof.

2. The catheter of claim 1, wherein:

the distal end of each of said plurality of steering lumens has an end
wall; and

said end wall moves axially in response to the supply of at least one of

a fluid and a vacuum thereto.

3. The catheter of claim 1, wherein the first end is the distal end of the

steering lumen and the second end is the proximal end of the steering lumen.
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4. The catheter of claim 2, wherein each of said plurality of steering
lumens has a wall thickness that is smaller at the distal end than at the

proximal end.

5. The catheter of claim 1, wherein the plurality of steering lumens

comprises first, second, third, and fourth steering lumens.

6. The catheter of claim 1, wherein said fluid source supplies fluid to a
first one of said steering lumens while supplying a vacuum to a second one of

said steering lumens to bend said catheter body away from the first steering

lumen.

7. The catheter of claim 1, wherein the fluid source is a pump.

8. The catheter of claim 1, wherein the fluid is a gas.

9. The catheter of claim 1, further comprising an imaging system movably

disposed in said inner lumen.

10. The catheter of claim 1, wherein the distal end of said inner lumen

includes porous material.
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11.  The catheter of claim 10, wherein the porous material is impregnated

with a cleaning solution.

12. The catheter of claim 11, further comprising an imaging system

movably disposed in said inner lumen and through said porous material.

13.  The catheter of claim 1, wherein the distal section of said catheter body

comprises silicone.

14.  The catheter of claim 1, further comprising a coil spring disposed in

said inner lumen.

15.  The catheter of claim 14, wherein said coil spring has first and second
sections, and a middle section between the first and second sections, wherein
the coils of the middle section are expanded such that the middle section is

more flexible than the first and second sections.

16. The catheter of claim 1, wherein each of said plurality of steering

lumens includes at least one piezoelectrical transducer therein.

17. The catheter of claim 1, wherein said catheter body has an outer

diameter that is less than about 3 mm.
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18. The catheter of claim 17, wherein said outer diameter is less than

about 2 mm.

19. The catheter of claim 1, wherein said inner lumen has a diameter of at

least about 1.2 mm.

20. A steerable catheter device comprising:
a catheter body having a distal section, the distal section having
an inner lumen; and

a steering lumen radially offset from said inner lumen, said
steering lumen having a first end having a first diameter and a second end

having a second diameter smaller than the first diameter; and

a fluid source in fluid communication with said steering lumen for
supplying fluid thereto to radially distend the first end of said steering lumen

such that said catheter body bends away from said steering lumen.

21.  The catheter of claim 20, wherein:
the distal end of said steering lumen has an end wall; and
said end wall moves axially in response to the supply of fluid to said

steering lumen.
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22. The catheter of claim 20, wherein the first end is the distal end of the

steering lumen and the second end is the proximal end of the steering lumen.

23. The catheter of claim 20, wherein said steering lumen has a wall

thickness that is smaller at the distal end than at the proximal end of said

steering lumen.

24.  The catheter of claim 20, wherein the fluid source further comprises a

vacuum source.

25.  The catheter of claim 20, wherein the fluid source is a pump.

26. The catheter of claim 20, wherein the fluid is a gas.

27. The catheter of claim 20, further comprising an imaging system

movably disposed in said inner lumen.

28. The catheter of claim 20, wherein said inner lumen has a distal end

that includes porous material.

29. The catheter of claim 28, wherein the porous material is impregnated

with a cleaning solution.
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30. The catheter of claim 29, further comprising an imaging system

movably disposed in said inner lumen and through said porous material.

31. The catheter of claim 20, wherein the distal section of said catheter

body comprises silicone.

32. The catheter of claim 20, further comprising a coil spring disposed in

said inner lumen.

33. The catheter of claim 32, wherein said coil spring has first and second
sections, and a middle section between the first and second sections, wherein
the coils of the middle section are expanded such that the middle section is

more flexible than the first and second sections.

34. The catheter of claim 20, wherein said catheter includes an imaging

marker.

35. The catheter of claim 20, wherein said steering lumen includes at least

one piezoelectrical transducer therein.

36. A method of orienting a catheter device within a bodily cavity, the

method comprising:
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positioning a catheter within a bodily cavity, the catheter comprising a
catheter body having an inner lumen and a steering lumen radially offset from
the inner lumen, the steering lumen having a first end having a first diameter
and a second end having a second diameter smaller than the first diameter;

and

bending the catheter body away from the steering lumen by supplying

a fluid to the steering lumen.

37. The method of claim 36, further comprising the step of bending the
catheter body towards the steering lumen by providing a vacuum to the

steering lumen.

38. The method of claim 36, wherein the steering lumen is a first steering
lumen, the catheter body has a second steering lumen radially offset from the
inner lumen, and the step of bending the catheter body away from the first
steering lumen further comprises supplying a vacuum to the second steering

lumen.

39. The method of claim 36, wherein the steering lumen is a first steering
lumen, and the catheter body further includes second, third, and fourth

steering lumens.
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40. The method of claim 36, further comprising the step of pressing a
radially distended portion of a distal end of the catheter body against a bodily

cavity wall to provide leverage action to the distal end of the catheter body.

41. The catheter of claim 36, wherein the first end is the distal end of the

steering lumen and the second end is the proximal end of the steering lumen.

42. The catheter of claim 36, wherein the the steering lumen includes at
least one piezoelectric transducer therein, wherein the step of bending the
catheter body away from the steering lumen further comprises applying an

electrical field across the at least one piezoelectric transducer.

43. A method of cleaning an imaging device, the method comprising:
positioning an imaging device within a lumen of a catheter, the lumen
having a distal end including porous material,

moving the imaging device through the porous material.

44. The method of claim 43, further comprising the step of impregnating

the porous material with a cleaning solution.
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