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MANIPULATORS EMPLOYING MULTIPLE
DEFORMABLE ELONGATE MEMBERS

STATEMENT OF FEDERAL RIGHTS

[0001] This invention was made with Government support
under Contract Numbers HL.O73647 and EB003052 awarded
by the National Institutes of Health. The Government has
certain rights in the invention.

BACKGROUND

[0002] Minimally invasive medical procedures involve the
delivery and manipulation of drugs, tools and prosthetic
devices inside the body while minimizing or avoiding dam-
age to surrounding tissue structures. Entry to the body may be
percutaneous or through an orifice. The surgical target may lie
in the interior of a solid tissue structure or inside a body
cavity. In many cases, the need arises during insertion to steer
along three-dimensional curves through tissue to avoid bony
or sensitive structures (percutaneous procedures), or to follow
the interior contours of a body orifice (e.g., the nasal pas-
sages) or body cavity (e.g., the heart).

[0003] Some procedures, such as drug delivery, do not
require articulation of the instrument’s distal tip while for
others it is necessary to control the position and orientation of
the distal tip while holding relatively immobile the proximal
inserted length. An example of the latter case arises in the
navigation and articulation of interventional tools in mini-
mally invasive intracardiac reconstructive surgery and
arrhythmia management. Minimally-invasive beating-heart
repair of congenital cardiac defects in children can require the
use of instruments with diameters of 3-5 mm while the repair
of fetal defects in utero can require the use of instruments
having diameters of one millimeter or less.

[0004] The instruments used in minimally invasive proce-
dures typically fall into one of three general categories. The
first category includes straight flexible needles which are used
for percutaneous procedures in solid tissue. Steering of the
straight flexible needles along a curved insertion path is
achieved by applying lateral forces at the needle base or tip as
the practitioner inserts and advances the needle into the tis-
sue. The lateral forces cause the partially inserted needle to
flex in a desired steering direction. Base steering is accom-
plished by lateral displacement or rotation of the uninserted
portion of the needle while tip steering is accomplished using
either a beveled or curved tip, both of which produce a lateral
steering force in the direction of the bevel or curve. The
steering direction is adjusted by rotating the needle about its
axis. Since the needle is initially straight, both base and tip
steering methods rely on tissue reaction forces to flex the
needle along a curved insertion path. Consequently, these
instruments possess no ability to produce lateral tip motion
without further penetration into solid tissue.

[0005] The second category of instruments includes a
straight, fairly rigid shaft with an articulated tip-mounted tool
(e.g., forceps). Both hand-held and robotic instruments of this
type are in common use for minimally invasive access of body
cavities (e.g., chest or abdomen). The shaft must follow a
straight-line path from the entry point to the body to the
surgical site. Lateral motion of the tip depends on pivoting the
straight shaft about a fulcrum typically located at the insertion
point into the body. This pivoting motion produces tissue
deformation proportional to the thickness of tissue from the
entry point to the body cavity.
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[0006] The third category of instruments includes elon-
gated, steerable devices, such as multi-stage micro-robot
devices, which are typically used for entry through a body
orifice, and steerable catheters, which are most often used for
percutaneous access of the circulatory system. Multi-stage
micro-robot devices are typically mounted at the distal end of
arigid shaft and include a flexible backbone having a series of
regularly spaced platforms that are interconnected by hinges
and attached to a base by wires. User actuation of the wires
causes the backbone to bend. These devices are typically
sufficiently rigid to support their own weight as well as to
apply appreciable lateral forces to the surrounding tissue. In
contrast, steerable catheters include an elongate member of
sufficient flexibility so as to conform to the curvature of the
vessel through which it is advanced. Steering is achieved
using one or more wires attached to the distal end of the
elongate member disposed along the catheter’s length. User
actuation (e.g., pulling) of the wires causes the distal portion
of the elongate member to flex in one or more directions. An
alternate approach to catheter steering for navigating
branches in the circulatory system involves the use of a guide
wire. After inserting the flexible catheter up to the branch
point, the guide wire, with a curvature preset at its distal end,
is inserted through the catheter until its curved portion is
extended beyond the distal end of the catheter and into the
desired branch vessel. At this point, pushing on the catheter
from the base causes its distal end to follow the wire into the
branch vessel.

SUMMARY

[0007] Conventional approaches to adjusting the position
of an elongate member within a tissue region or body cavity
suffer from a variety of deficiencies.

[0008] As described above, practitioners steer straight,
flexible needles within tissue by applying lateral forces at the
base or tip of the flexible needle as the practitioner inserts and
advances the needle into the tissue. However, the interaction
between the conventional flexible needle and the tissue is
used to control the shape of the needle during use. For
example, the interaction between the beveled tip of the needle
and the tissue acts to steer the needle along a particular path
while tissue reaction forces operate on the flexible needle
during insertion and cause the needle to bend in a particular
direction.

[0009] Conventional handheld and robotic minimally inva-
sive instruments include a rigid straight shaft with limited
articulation present only at the distal end. In consequence, the
instrument must follow a straight-line path from the incision
location to the surgical site inside the body. Furthermore,
lateral motion of the tool located at the instrument’s distal end
requires pivoting about a point along the shaft. The tissue
deformation produced by such motion limits the locations
within the body that can be accessed and operated on by
instruments of this type.

[0010] With respect to the multi-stage micro-robot devices,
such devices do provide a level of articulation to otherwise
rigid shafts. However, the multi-stage micro-robot devices
include multiple platforms, hinges, and wires that, taken col-
lectively, form a relatively bulky device (e.g., having an outer
diameter of about 4 mm). As such, the multi-stage micro-
robot devices cannot be utilized in all percutaneous proce-
dures, such as for the repair of fetal defects in utero. With
respect to the steerable catheters, the catheters are successful
at navigating existing channels in tissue (e.g., arteries and
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veins). However, the steerable catheter itself typically does
not have the flexural rigidity to penetrate appreciably into
tissue. The steerable catheter typically must be used in con-
junction with a cannula for percutaneous insertion into a
tissue site.

[0011] A needle manipulator is disclosed for use in percu-
taneous procedures. The needle manipulator includes a set of
concentrically arranged elongated tubular members. At least
two of the elongated tubular members have respective rest
curvatures and a sufficiently non-dominant stiffness relation-
ship that a distal tip of the needle manipulator can be
advanced and steered through tissue along a generally curved
path to a desired tissue location without requiring forceful
steering interaction between the distal tip and surrounding
tissue. In particular, the two elongated tube members are
configured for advancing the distal tip by a combination of (1)
rotation of the two elongated tubular members together about
a longitudinal axis of the needle manipulator, (2) relative
longitudinal translation between the two elongated tubular
members, and (3) relative rotation between the two elongated
tubular members with respect to the longitudinal axis of the
needle manipulator. The needle manipulator further includes
a needle member at a distal end of one of the two elongated
tubular members to provide for low-force advancing of the
distal tip through the tissue.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The foregoing and other objects, features and
advantages of the invention will be apparent from the follow-
ing description of particular embodiments of the invention, as
illustrated in the accompanying drawings in which like ref-
erence characters refer to the same parts throughout the dif-
ferent views. The drawings are not necessarily to scale,
emphasis instead being placed upon illustrating the principles
of the invention.

[0013] FIG. 1A illustrates an example of a manipulator.
[0014] FIG. 1B is a close-up view of a portion of the
manipulator of FIG. 1A.

[0015] FIG.1C illustrates a pre-curved elongate member of
the manipulator of FIG. 1A in a rest state.

[0016] FIG.1D illustrates the pre-curved elongate member
of FIG. 1C in a non-rest state.

[0017] FIG. 2A illustrates a dominating stiffness elongate
member pair in a retracted configuration.

[0018] FIG.2Billustrates the dominating stiffness elongate
member pair of FIG. 2A in an extended configuration.
[0019] FIG. 3A illustrates a resulting geometric configura-
tion of a balanced stiffhess elongate member set where the
curvatures of the elongate members of the balanced stiffness
elongate member set are substantially aligned.

[0020] FIG. 3B illustrates a resulting geometric configura-
tion of the balanced stiffness elongate member set of FIG. 3A
where the curvatures of the elongate members of the balanced
stiffness elongate member set are substantially opposed.
[0021] FIG. 4A illustrates a sectional view of an example
manipulator having longitudinal axes substantially aligned
with a reference axis.

[0022] FIG. 4B is a sectional view of the manipulator of
FIG. 4A illustrating a geometric configuration of the manipu-
lator based upon the relative rotation of elongate members
forming a balanced stifthess elongate member pair of the
manipulator.

[0023] FIG. 4C is a sectional view of the manipulator of
FIG. 4B illustrating a geometric configuration of the manipu-
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lator based upon the relative translation of elongate members
forming a dominating stiffness elongate member pair of the
manipulator.

[0024] FIG. 5 is a graph illustrating the relationship
between the radius of curvature and elongate member outer
diameter.

[0025] FIG. 6 illustrates use of the manipulator of FIG. 1A
as a needle manipulator inserted in a percutaneous location.
[0026] FIG. 7 illustrates the use of the manipulator of FIG.
1A as a needle manipulator inserted within a body lumen.

[0027] FIG. 8A illustrates a coordinate frame of an elongate
member.
[0028] FIG. 8B illustrates kinematic mapping from elon-

gate member variables to a distal end portion of a manipula-
tor.

[0029] FIG. 9 illustrates an example of a manipulator.
DETAILED DESCRIPTION
[0030] FIG. 1A illustrates an example embodiment of a

manipulator 10 having at least three elongate members. As
illustrated, the manipulator 10 has a first elongate member 12,
a second elongate member 14, and a third elongate member
16 disposed in a moveable relationship, and in a substantially
concentric relationship, relative to each other. In one arrange-
ment, the elongate members 12, 14 are configured as concen-
trically disposed tubes. For example, with reference to FIG.
4A, the first elongate member 12 defines a first elongate
member lumen 18 having a substantially circular cross-sec-
tional shape and that extends between a proximal end portion
20 and a distal end portion 22 with the second elongate
member 14 being disposed within the first elongate member
lumen 18. The second elongate member 14 defines a second
elongate member lumen 24 having a substantially circular
cross-sectional shape and that extends between a proximal
end portion 26 and a distal end portion 28 with the third
elongate member 16 being disposed within the second elon-
gate member lumen 24. In one arrangement, the manipulator
10 includes a base or housing 29 that supports or carries the
elongate members 12, 14, 16 where the elongate members 12,
14, 16 are moveable (e.g., rotatable and translatable) relative
to the base 29.

[0031] In one arrangement, contact among the outer and
inner walls of the elongate members 12, 14, 16 maintains the
substantially concentric positioning of the elongate members
12, 14, 16. For example, with reference to FIG. 4A, contact
between an inner lumen wall 30 of the first elongate member
12 and an outer wall 32 of the second elongate member 14 and
contact between an inner lumen wall 34 of the second elon-
gate member 12 and an outer wall 36 of the third elongate
member 14 aligns the elongate members in a substantially
concentric manner.

[0032] Returning to FIG. 1A, a variety of materials can be
used to form the elongate members 12, 14, 16. In one arrange-
ment, one or more of the elongate members 12, 14, 16 are
formed from a super-elastic material, such as a nickel tita-
nium alloy (e.g., Nitinol), from an elastic material, such as
plastic, or from a relatively stiff material, such as stainless
steel. While the material composition and properties of the
elongate members 12, 14, 16 can be constant along a length of
the elongate members 12, 14, 16, in one arrangement, the
material composition of one or more of the elongate members
12, 14,16 varies along its length. For example, one or more of
the elongate members 12, 14, 16 can be formed from a stain-
less steel material between a proximal end portion and a distal
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end portion of the elongate member while having a Nitinol
material disposed at the distal end portion of the elongate
member.

[0033] The geometric configuration of the elongate mem-
bers 12, 14, 16 can affect both the spatial position and orien-
tation of a distal end 40 of the manipulator 10, relative to a
reference coordinate system 42 and the spatial positioning of
the manipulator 10 (e.g., along its length 44) relative to the
reference coordinate system 42. In one embodiment, each of
the elongate members 12, 14, 16 is formed as having a preset
curved shape. Taking the second elongate member 14 as an
example, as illustrated in FIG. 1C, the second elongate mem-
ber 14 is formed such that, in a resting position (e.g., subject
to minimal external forces) at least a portion 50 of the second
elongate member 14 assumes a generally arcuate shape 50
having a radius of curvature 52 relative to a reference axis 51.
As shown, the arcuately shaped portion 50 is disposed at a
distal end portion 28 of the second elongate member 14.
However, one of ordinary skill in the art will understand that
the arcuately shaped portion 50 can extend along a length of
the second elongate member 14, from the proximal end 26 to
the distal end 28.

[0034] When forming a particular resting radius of curva-
ture in an elongate member, designers take several variables
into consideration. For example, FIG. 5 is a graph 100 that
illustrates the relationship between radius of curvature and
elongate member (e.g., tube) outer diameter for a Nitinol
material. As shown, the minimum achievable radius of cur-
vature of an elongate member is a function of elongate mem-
ber outer diameter. Therefore, the smaller the outer diameter
of the elongate member, the smaller the radius of curvature
achievable in the elongate member.

[0035] The elongate members 12, 14, 16 hold or maintain
the generally arcuate shape or position while in a rest con-
figuration, such as when no outside forces act upon the elon-
gate members 12, 14, 16. When an outside force is applied to
the second elongate member 14, the outside force can posi-
tion the elongate member 14 in an extended position (e.g.,
non-rest configuration), as illustrated in FIG. 1D. For
example, as indicated in FIG. 1C, application of an outside
bending force 53 on the second elongate member 14 substan-
tially straightens the arcuately shaped portion 50, as shown in
FIG. 1D, such that a longitudinal axis of the second elongate
member 14 is substantially parallel to the reference axis 51. A
curved member can also have its curvature increased by such
an outside bending force, as discussed below with reference
to FIG. 3A for example.

[0036] When one pre-curved elongate member is disposed
within another pre-curved elongate member, both elongate
members are forced to conform to a mutual final curvature. As
such, the elongate members change position between the rest
configuration (e.g., at least a portion of the elongate member
assumes a generally arcuate shape) and the non-rest configu-
ration (e.g., at least a portion of the elongate member assumes
a generally extended shape). By translating and rotating one
elongate member with respect to the other, both the final
curvature as well as the overall length of the manipulator 10
can be varied to adjust a position of the distal end 40 of the
manipulator 10 relative to the reference coordinate system 42
and relative to the reference axis 51.

[0037] For example, with reference to FIG. 1A, each of the
first and second elongate members 12, 14 are configured as
having a preset curved shape. In the case where the first and
second elongate members 12, 14 are rotated and translated
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relative to each other, the first and second elongate members
12,14 are positioned between the rest configuration, as shown
in FIG. 1C and the non-rest configuration (e.g., extended
position) as shown in FIG. 1D, thereby causing the manipu-
lator 10 to conform to a final, mutual curvature, such as shown
in FIG. 1A. The rotation and translation of the pre-curved
elongate members 12, 14, therefore, changes the spatial posi-
tioning of the distal end portion 40 of the manipulator 10 (e.g.,
the distal end portions 22, 28 of the first and second elongate
members 10) relative to the reference coordinate system 42
and relative to the reference axis 51. As such, by rotating and
translating the first and second elongate members 12, 14, a
user can adjust the spatial positioning of the distal end portion
40 of the manipulator 10 in order to steer and deliver the distal
end portion 40 to a particular spatial location.

[0038] While the relative positioning of the pre-curved
shapes of the elongate members 12, 14, 16 can adjust the
curvature of the manipulator 10, other factors can also affect
the positioning of the manipulator 10 relative to the reference
coordinate system 42. For example, the relative bending stift-
nesses of a set of the elongate members 12, 14, 16 can affect
the positioning of the manipulator 10. The bending stiffness
of'an elongate member is defined as the modulus of elasticity
of the material forming the elongate member multiplied by
the cross-sectional moment of inertia of the elongate member.
In one arrangement, the relative bending stiffnesses of a set of
the elongate members 12, 14, 16 can define a dominating
stiffness relationship where the bending stiffness of one elon-
gate member is much larger than that of the other (e.g., the
stiffness ratio approaches infinity). For example, a stiffness
ratio of 10:1 between two elongate members can represent a
practical lower bound for a dominating stiffness relationship
in some applications. Alternatively, it may be that the com-
bined stiffness of two tubes (e.g., 12 and 14) should be much
larger than that of the third tube (e.g. 16). In another arrange-
ment, the relative bending stiffnesses of a set of the elongate
members 12, 14, 16 can define a balanced stiffness relation-
ship where the stiffnesses of a set of elongate members are
substantially equal (e.g., the stiffness ratio equals approxi-
mately 1). Balanced and dominating stiffness relationships
represent the two limits of relative stiffness (stiffhess ratio
equals approximately 1 for balanced; stiffness ratio
approaches infinity for dominating case). As such, manufac-
turing of manipulators 10 from combinations of these cases
are useful for both expository and practical reasons. One of
ordinary skill in the art will understand, however, that the
elongate members 12, 14, 16 can be configured as having
stiffnesses that are classified as neither balanced nor domi-
nating. Description of the concepts of a dominating stiffness
elongate member set and a balanced stiffness elongate mem-
ber set is provided below.

[0039] FIGS. 2A and 2B illustrate the concept of a domi-
nating stiffness elongate member set. When the bending stiff-
ness of one elongate member is much larger than that of the
other, the set of concentric elongate members conforms to the
curvature of the stiffer elongate member. When the more
flexible elongate member is translated relative to the stiffer
elongate member, as the more flexible elongate member
extends beyond a distal end of the stiffer elongate member,
the extended portion relaxes to its original preset curvature.

[0040] For example, with reference to FIG. 2A, assume the
second elongate member 14 is formed of a relatively stiff
material having a generally elongate shape while the third
elongate member 16 is formed of a relatively compliant mate-
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rial having a preset curved shape. In the case where the third
elongate member 16 is disposed within the second elongate
member 14, the bending stiffness of the second elongate
member 14 dominates that of the third elongate member 16.
The second elongate member 14 therefore applies an outside
force to the third elongate member 16 and positions the third
elongate member 16 in an extended position. As shown in
FIG. 2B, as the third elongate member 16 translates along a
direction 60 relative to the second elongate member 14, a
distal portion 31 of the third elongate member 16 extends
beyond the distal end portion 28 of the second elongate mem-
ber 14 and relaxes to a resting, curved shape, relative to the
reference axis 51. The curvature of the third elongate member
16 can be substantially constant as shown or can vary over its
extended length Generally, the dominating stiffness elongate
member set has two independent degrees of freedom which
determine the overall shape and relative locations of the
proximal and distal ends of the set: a first degree of freedom
related to the relative linear translation of the set relative to the
reference axis 51 and a second degree of freedom related to
the relative rotation of the elongate members 14, 16 about the
reference axis 51.

[0041] FIGS. 3A and 3B illustrate the concept of a balanced
stiffness elongate member set. In the case where preset curved
elongate members have substantially equal stiffhesses, when
one elongate member is disposed within another, the curva-
tures of the elongate members interact with each other and
combine to form a single, resultant curvature 60.

[0042] For example, as shown in FIG. 3 A, the first elongate
member 12, in a rest configuration, defines a first member
curvature 61 having a first member radius 62 and the second
elongate member 14, in a rest configuration, defines a second
member curvature 63 having a second member radius 64 that
is smaller than the first member radius 62. When the first and
second elongate members 12, 14 are disposed in a concentric
relationship such that the individual curvatures 61, 63 of the
elongate members 12, 14 are substantially aligned and the
associated distal end portions 22, 28 are oriented in substan-
tially the same direction (e.g., point to the right hand side of
the page, as illustrated) the resultant curvature 60-1 of the
elongate member set has a resultant radius of curvature 66
that is greater than the second member radius 64 and that is
less than the first member radius 62. In the case where the
curvatures of the elongate members 12, 14 are aligned, as
shown in FIG. 3A, the resultant curvature 60-1 provides the
maximum curvature of the balanced stiffness elongate mem-
ber set.

[0043] As indicated in FIG. 3B, relative rotation of the
elongate members 12, 14 of FIG. 3A, causes the combined
curvature 60 to vary. For example, as the first elongate mem-
ber 12 and the second elongate member 14 of FIG. 3 A rotate
relative to each other about the reference axis 51, interaction
between the first and second elongate members 12, 14 causes
the resultant radius of curvature 66 to increase. As the firstand
second elongate members 12, 14 are further rotated 67 such
that the unstressed curvatures 61, 63 of the elongate members
12, 14 oppose each other and the associated distal end por-
tions 22, 28 orient in substantially opposing directions, as
indicated in FIG. 3B, the resultant curvature 60-2 of the
elongate member set is substantially aligned with the refer-
ence axis 51. As such, the balanced stiffness elongate member
set 12, 14 is positioned in a maximally extended position. A
second degree of freedom of the balanced stiffness elongate
member pair can be achieved by rotating of the balanced
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stiffness elongate member set 12, 14 about the base 29, as
illustrated in FIG. 1A. One of ordinary skill in the art will
understand that the initial curvatures of the balanced stiffness
elongate member pair can be constant over their length, as
shown in FIGS. 3A and 3B, or can be variable.

[0044] Returning to FIG. 1A, the manipulator 10, in one
embodiment, is formed from a combination of elongate mem-
bers 12, 14, 16. With such configurations, the curvature of the
manipulator 10 can be mathematically modeled to predict the
final curvature of the manipulator 10. While a variety meth-
ods can be used for predicting the final curvature of an arbi-
trary number of elongate members, the following analysis
represents one example method. In this example method, it is
assumed that each elongate member 12, 14, 16 has piecewise
constant curvature and that bending stresses remain elastic.
While the actual loading between elongate members consists
of forces distributed along their common boundary, it is
assumed here that each member 12, 14, 16 experiences pure
bending. This approximation implies that the elongate mem-
bers 12, 14, 16 apply bending moments to each other which
are constant along those portions of their common length in
which each member 12, 14, 16 is of constant curvature. It is
assumed that these moments are generated over negligibly
short lengths at the ends of each constant curvature section.
Finally, it is assumed that the elongate members 12,14, 16 can
be approximated as rigid in torsion. The validity of this
assumption depends on the design of the manipulator 10. It is
employed in this example because it permits a particularly
simple solution that is computationally efficient to imple-
ment.

[0045] Combining these assumptions with the Euler-Ber-
noulli beam model permits direct calculation of the resulting
curvature of each length of a manipulator 10 in which the
individual elongate members 12, 14, 16 have constant curva-
ture. In this way, elongate members 12, 14, 16 of piecewise
constant curvature combine to form manipulators 10 of piece-
wise constant curvature whose shape can be computed with-
out resorting to integrating differential equations or solving
numerical optimization problems.

[0046] The members are labeled with subscript indices,
i=1,2,...,n, where 1 is the outermost elongate member and
n is the innermost elongate member. As shown in FIG. 8A, a
coordinate frame can be defined as a function of arc length s
along elongate member i by defining a single frame at the
insertion point, F,(0), such that its z axis is tangent to the
elongate member’s centerline. The frame, F,(s), is obtained
by sliding F,(0) along the elongate member centerline without
rotation about its z axis. Similarly, an insertion-point world
frame, W(0), is used to define a manipulator frame, w(s), as a
function of arc length. Superscripts will be used to indicate
the coordinate frame of vectors and transforms.

[0047] Since the elongate members are assumed rigid in
torsion, any relative rotation between the elongate members
will be constant along their entire length. As the i elongate
member’s coordinate frame F,(s) slides down its centerline, it
experiences a body-frame angular rate of change per unit arc
length given by

Hipi(S):EiinyTi (€8]

in which (kix,E,.y) are the x and y components of curvature due
to bending and t,=0 is the torsion. The over bars in (1) indicate
values for the initial curvatures of the elongate members in
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their rest configurations. In the examples of FIG. 8A, the
elongate members have nonzero y components of curvature
in local frames, F,(s).

[0048] When the elongate members are assembled concen-
trically, the moment vector at any point along elongate mem-
ber i is given by

PO (1 (5) () @
in which m,;7*(s) is the moment vector, u,/*(s) and u/*)(s)

are the resultant and initial angular frame rates and K, is the
frame-invariant stiffness tensor for a elongate member given

by

ElL, 0 0 (3)
K,=| 0 EL 0
0 0 JG

in which E, is the modulus of elasticity, I, is the area moment
of inertia, J, is the polar moment of inertia, and G; is the shear
modulus. For elongate members of cylindrical cross section,
the area moment of inertia is given by

I=(64)(dg*~dp); Q)

in which d; and d,, are the inner and outer diameters of the
cross section.

[0049] While (2) applies on a point-wise basis, the pure
bending assumption permits it to be applied to sections of the
manipulator in which each elongate member has constant
initial curvature. The moment equilibrium equation can be
applied to each of these sections by transforming (2) for each
elongate member to the manipulator frame, W(s). Defining 0,
as the z axis rotation angle from frame W(s) to frame F,(s), the
curvature vectors transform as

;l-w(s):R (z,0,u,7%. O

in which R(z,0,) is the rotation matrix. The moment equilib-
rium equation for the concentric elongate members is

z ©

Zm‘-w(x) =0.

i=1

Since all elongate members must conform to the same final

curvature, u”®,

U=y T, T =y T %)

Combining (2)-(7) yields an expression for the resultant
angular frame rate for a section of manipulator length com-
prised of n overlapping elongate members of constant curva-
ture,

L ®)

Owing to the assumption of torsional rigidity, this expression
takes the form ufW(S):[kﬁKﬁO] T The total moment applied to
one elongate member by all the others can be interpreted as
the vector sum of two bending moments—the moment nec-
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essary to remove its initial curvature ufW(S) and the moment
necessary to produce its final curvature ufW(S).

[0050] Inone arrangement, the relative position of the dis-
tal end portion 40 of the manipulator 10 (e.g., relative to a
proximal end portion of the manipulator 10), can be deter-
mined by mapping certain variables associated with the elon-
gate members 12, 14, 16 to a frame of'the distal end portion 40
of the manipulator 10 using a series of kinematic equations.
The following outlines an example of the kinematic mapping
process.

[0051] Inone arrangement, kinematic mapping from elon-
gate member variables to the distal end portion 40 of the
manipulator 10 includes three mapping steps as diagrammed
in FIG. 8B. The first mapping 200 converts the elongate
member kinematic variables to m corresponding input curves
of curvature R,(s)=[R (s) k,(s)], and extension length, 1,. These
m curves are of piecewise constant curvature. The second
mapping 202 converts the input curves to the actual arcs of the
manipulator, (k. .k ,s),j=1, . . . n, where the number of arcs, n,
is the total number of constant curvature segments for all the
elongate members combined. These two mappings are con-
sidered separately because the designs of the individual elon-
gate members are most easily described in the input curve
space. This proves useful when computing the inverse kine-
matics. The third mapping 204 determines the manipulator tip
coordinate frame, W”(1 ), with respect to the manipulator
base frame from the sequence of manipulator arcs.

[0052] The inverse kinematics problem involves solving
for the elongate member kinematic variables that position the
distal end portion 40 of the manipulator 10 at a desired spatial
location and orientation. Solving this problem is important
for both manipulator control and for surgical planning. One
approach to solving the inverse kinematics problem includes
sequentially inverting the three kinematic mappings
described above.

[0053] As indicated above, the relative bending stiffnesses
of sets of elongate members 12, 14, 16 can aftect the posi-
tioning of the manipulator 10. In one example embodiment,
the manipulator 10 can be configured to include a variety of
combinations of balanced stiffness elongate member sets and
dominating stiffness elongate member sets. FIGS. 4A
through 4C illustrate one example configuration of the elon-
gate members 12, 14, 16 of the manipulator 10, as well as the
resulting positioning of the manipulator 10 based upon the
relative rotation and translation of the elongate members 12,
14, 16.

[0054] FIGS. 4A through 4C illustrates a sectional view of
an embodiment of the manipulator 10 having the first elon-
gate member 12, the second elongate member 14, and the
third elongate member 16 disposed in a concentric relation-
ship. In the embodiment illustrated, assume that each of the
first, second, and third elongate members are formed in a
pre-curved or arcuate configuration. Also, further assume that
the stiffness of the first elongate member 12 is substantially
equal to a bending stiffness of the second elongate member 14
and the bending stiffness of the second elongate member is
substantially greater than a bending stiffness of the third
elongate member 16. With such a configuration, the first and
second elongate members 12, 14 form a balanced stiffness
elongate member set and the second and third elongate mem-
bers 14, 16 form a dominating stiffness elongate member set.
[0055] Inuse, the elongate members 12, 14, 16 are rotated
and/or translated, relative to the reference axis 51 to adjust a
position of the distal end portion 40 of the manipulator 10
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relative to the reference coordinate system 42. FIGS. 4A
through 4C illustrate an example of this relative rotation and
translation of the elongate members 12, 14, 16. Such rotation
and translation of the elongate members 12, 14, 16 can be
performed in a variety of ways. In one arrangement, the
translation and rotation of the elongate members 12, 14, 16
can be manually controlled by a user. In another arrangement,
the rotation and translation of the elongate members 12, 14,
16 can be controlled by one or more motorized devices, such
as disposed within the housing 29.

[0056] InFIG.4A,inastarting position, the elongate mem-
bers 12, 14, 16 are relatively oriented such that the manipu-
lator 10 is positioned in an extended position (e.g., non-rest
configuration). For example, as indicated above, the first and
second elongate members 12, 14 form a balanced stiffness
elongate member set. As such, the first and second elongate
members 12, 14 are relatively oriented such that the
unstressed curvatures 61, 63 of the elongate members 12, 14
substantially oppose each other and the associated unstressed
distal end portions 22, 28 orient in substantially opposing
directions. Also, the second and third elongate members 14,
16 form a dominating stiffness elongate member set. As such,
the third elongate member 16 is disposed within the second
elongate member 14 such that the curvature of the third elon-
gate member 16 conforms to the shape of the substantially
stiffer second elongate member 14.

[0057] To adjust the position of the distal end portion of the
manipulator, the first elongate member 12 can be rotated
along direction 70, relative to the second elongate member
14, which is held in a substantially fixed position relative to
the reference coordinate system 42, about the reference axis
51. As shown in FIG. 4B, because the first and second elon-
gate members 12, 14 form a balanced stiffness elongate mem-
ber set, rotation of the first elongate member 12 relative to the
second elongate member 14 causes the first and second elon-
gate members 12, 14 to bend relative to the reference coordi-
nate system 42 where the bend has a radius of curvature 62-1.
Furthermore, the second elongate member 14 and the third
elongate member 16 form a dominating stiffness elongate
member set. As such, the shape of the third elongate member
16 conforms to the bending of the second elongate member 14
such that the third elongate member 16 has a radius of curva-
ture 62-2 that is substantially equal to the radius of curvature
62-1 of the second elongate member 14. As illustrated in FIG.
4B, bending of the first and second elongate members 12, 14
adjusts the position of the distal end portion 40 of the manipu-
lator 10 relative to the reference coordinate system 42.
[0058] To further adjust the position of the distal end por-
tion of the manipulator 10, as shown in FIG. 4C, the third
elongate member 16 is translated along direction 72. As indi-
cated above, the second elongate member 14 has a bending
stiffness that is substantially greater than the bending stiffness
of the third elongate member 16. As the third elongate mem-
ber 16 is translated beyond the distal end portion 28 of the
second elongate member 14, the third elongate member 16
returns to a relaxed state and assumes a pre-curved configu-
ration, relative to the reference axis 51, having a radius of
curvature 52. As a result, the relaxation of the third elongate
member 16 adjusts the position of the distal end portion of the
manipulator relative to the reference coordinate system 42
and allows a user to steer the distal end portion 40 of the
manipulator 10 to a particular spatial location.

[0059] With respect to the example above, the first and
second elongate members 12, 14 form a balanced stiffness
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elongate member set, the second and third elongate members
14, 16 form a dominating stiffness elongate member set. One
of ordinary skill in the art will understand that other combi-
nations are possible as well.

[0060] For example, in one arrangement, the first elongate
member 12 has a bending stiffness that is substantially greater
than a bending stiffness of the second elongate member 14 to
form a dominating stiffness elongate member set while the
second elongate member 14 has a bending stiffness that is
substantially equal to a bending stiffness of the third elongate
member 16 to form a balanced stiffness elongate member set.
In another arrangement, the first elongate member 12 has a
bending stiffness that is substantially equal to a bending stiff-
ness of the second elongate member 14 to form a balanced
stiffness elongate member set while the second elongate
member 14 has a bending stiffness that is substantially equal
to a bending stiffness of the third elongate member 16 to form
a balanced stiffness elongate member set. In another arrange-
ment, the first elongate member 12 has a bending stiffness that
is substantially greater than a bending stiffness of the second
elongate member 14 to form a first dominating stitfness elon-
gate member set and the second elongate member 14 has a
bending stiffness that is substantially greater than the bending
stiffness of the third elongate member 16 to form a second
dominating stiffness elongate member set. In yet another
arrangement, the second elongate member has a bending
stiffness that is substantially less than a bending stiffness of
the third elongate member to form a dominating stiffness
elongate member set and the first elongate member has a
bending stiffness that is substantially less than a bending
stiffness ofthe second elongate member to form a dominating
stiffness elongate member set.

[0061] While the manipulator 10 can be configured to be
applied in a variety of applications, in one arrangement, the
manipulator is configured as a needle manipulator for use in
percutaneous procedures. For example, returning to FIG. 1A,
the elongate members 12, 14, 16 are configured to be inserted
into a tissue region of interest. As such, the outer diameter of
the elongate members 12, 14, 16 have outer diameters that
range between approximately 2.0 mm (e.g., the outer diam-
eter of the first elongate member 12) to about 0.7 mm (e.g., the
outer diameter of the third elongate member 16).

[0062] The needle manipulator 10 can be configured to be
inserted into a tissue region of interest in a variety of ways. In
one arrangement, at least one elongate member 12, 14, 16 is
configured as a needle operable to introduce the manipulator
into a tissue site (e.g., percutaneous insertion). For example,
a pointed stylet can be disposed within the third elongate
member 16 and used to pierce a tissue to introduce the
manipulator 10 into a tissue site. In another example, while
not illustrated in FIG. 1A, the first elongate member 12 can be
pointed or beveled to allow the needle manipulator 10 to
pierce a tissue to introduce the manipulator 10 into a tissue
site. In another arrangement, the distal end portion 40 of the
needle manipulator is substantially blunt to allow insertion of
the needle manipulator 10 into a tissue location through a
body orifice (e.g., nasal canal). In another arrangement, the
elongate members 12, 14, 16 can be disposed within a sheath
110 configured to introduce the needle manipulator into a
tissue site. For example, the sheath 110, such as a cannula, can
be inserted into a tissue site to aid in directing the needle
manipulator 10 to a tissue location. While the sheath 110 is
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shown as forming part of the housing 29, one of ordinary skill
in the art will understand that the sheath 110 can be formed
separately from the housing.

[0063] In use, the relative rotation and translation of the
elongate members 12, 14, 16, as described above, allows a
user to position the distal end portion 40 of the needle
manipulator 10 to a desired tissue location. For example, as
shown in FIG. 6, as the needle manipulator 10 is inserted
within a tissue 120, the user can relatively rotate and translate
the elongate members 12, 14, 16 to steer the distal end portion
40 of the needle manipulator 10 to avoid obstacles 122, such
as bone or delicate tissue, as the distal end portion 40 of the
needle manipulator 10 is advanced to a tissue location 124.
Also, as indicated in FIG. 7, the needle manipulator 10 does
not rely on tissue interaction to determine its geometric con-
figuration. For example, by relatively rotating and translating
of the elongate members 12, 14, 16, a user can position the
distal end portion 40 of the needle manipulator at various
locations within a body lumen 126.

[0064] Returning to FIG. 1A, the needle manipulator 10, in
one arrangement, is configured to deliver a tool or prosthetic
device to a surgical site. For example, in one arrangement as
shown in FIG. 4 A, the third elongate member 16 is configured
with a third elongate member lumen 25 extending between a
proximal end portion 33 and the distal end portion 31. As
shown in FIG. 1A, the third elongate member 16 includes a
surgical tool 130 disposed within the lumen 25. The surgical
tool 130 can have a variety of different configurations. For
example, as shown in FIG. 1A the surgical tool 130 can be
configured as a balloon catheter 130.

[0065] While this invention has been particularly shown
and described with references to preferred embodiments
thereof, it will be understood by those skilled in the art that
various changes in form and details may be made therein
without departing from the spirit and scope of the invention as
defined by the appended claims.

[0066] As indicated above, in one embodiment, each of the
elongate members 12, 14, 16 is formed as having a preset
curved shape when in a resting state. Such description is by
way of example only. In one arrangement, at least one of the
elongate members is configured in a generally extended
shape when in a resting state. For example, the first elongate
member 12 can be formed from a substantially rigid material
having a lumen extending along a longitudinal axis of the first
elongate member 12. In such a configuration, the first elon-
gate member can operate as a sheath or an introducer to
introduce the manipulator 10 into a tissue region.

[0067] Additionally, as described above, while the elongate
members 12, 14, 16 can be formed as having a preset curved
shape when in a resting state, the curvature along the length of
one or more elongate members 12, 14, 16 need not be con-
tinuous, but is also considered as a preset curved shape. For
example, while FIG. 1C depicts a case in which the elongate
member 14 has two regions of constant curvature, in practice,
such an elongate member 14 can consist of any number of
separately curved sections. Furthermore, the curvature can be
variable within each section.

[0068] Also, as described above, the first elongate member
12 defines a first elongate member lumen 18 having a sub-
stantially circular and constant-area cross-sectional shape
and that extends between a proximal end portion 20 and a
distal end portion 22 with the second elongate member 14
being disposed within the first elongate member lumen 18.
Such description is by way of example only. The elongate
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members 12, 14, 16 can have a variety of cross-sectional
shapes that also vary along their length. For example, the
elongate members 12, 14, 16 can have asymmetric cross-
sectional shapes so that their bending stiffness varies with the
choice of cross-sectional axis. The cross-sectional shapes can
also vary along the length of an elongate member in a con-
tinuous or discontinuous manner producing consequent
changes in bending stiffness along the length of the elongate
member. Cross-sectional shape variations can also produce
variations in the gap formed between the outer surface of a
second elongate member 14 (e.g., an inner elongate member)
and the inner surface of a first elongate member 12 (e.g., an
outer elongate member) in which the second elongate mem-
ber 14 is inserted.

[0069] As described with respect to FIG. 1A, the third
elongate member 16 can include a surgical tool 130 disposed
within the lumen 25. The surgical tool 130 can have a variety
of different configurations. As shown in FIG. 9, the surgical
tool 130 is configured as a tissue grasping device 132. In one
arrangement, the tissue grasping device 132 is formed from a
shape-memory material, such as Nitinol, having a first arm
134 and an opposing second arm 136. In a resting position, the
first and second arms 134, 136 are disposed in an open rela-
tionship such that the first and second arms 134, 136 extend
away from each other, such as when the tissue grasping device
132 extends beyond the distal end portion 33 of the third
elongate member 16. In use, relative translation of the tissue
grasping device 132 and the third elongate member 16, along
an axis 138, position the tissue grasping device 132 between
the resting position as shown and a collapsed or closed posi-
tion in which the first arm 134 and the second arm 136 are
disposed in proximity to each other.

What is claimed is:

1. A needle manipulator for use in percutaneous proce-
dures, comprising:

a set of concentrically arranged elongated tubular mem-
bers, at least two of the elongated tubular members hav-
ing respective rest curvatures and a sufficiently non-
dominant stiffness relationship that a distal tip of the
needle manipulator can be advanced and steered through
tissue along a generally curved path to a desired tissue
location without requiring forceful steering interaction
between the distal tip and surrounding tissue, the two
elongated tube members being configured for advancing
the distal tip by a combination of (1) rotation of the two
elongated tubular members together about a longitudi-
nal axis of the needle manipulator, (2) relative longitu-
dinal translation between the two elongated tubular
members, and (3) relative rotation between the two elon-
gated tubular members with respect to the longitudinal
axis of the needle manipulator; and

aneedle member at a distal end of one of the two elongated
tubular members to provide for low-force advancing of
the distal tip through the tissue.

2. A needle manipulator according to claim 1, wherein the
two elongated tubular members have a balanced stiffness
relationship of substantially equal stiffness.

3. A needle manipulator according to claim 1, wherein a
third one of the elongated tubular members has a dominant
stiffness relationship of substantially greater stiffness than the
two elongated tubular members.

4. A needle manipulator according to claim 3, wherein the
third elongated tubular member is an outer member in which
the two elongated tubular members are disposed.
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5. A needle manipulator according to claim 3, wherein the
third elongated tubular member is an inner member about
which the two elongated tubular members are disposed.

6. A needle manipulator according to claim 1, wherein the
needle member includes a stylet carried by the distal tip of the
manipulator.

7. A needle manipulator according to claim 1, wherein the
needle member includes a beveled tip potion of one of the two
elongated tubular members.

8. A needle manipulator according to claim 7, wherein the
one elongated tubular member is an inner one disposed within
the other one of the two elongated tubular members.

9. A needle manipulator according to claim 1, wherein each
of' the elongated tubular members has a substantially circular
cross section along its length.
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10. A needle manipulator according to claim 1, wherein at
least one of the elongated tubular members has a non-sym-
metric cross section along at least a portion of its length.

12. A needle manipulator according to claim 1, wherein at
least one of the elongated tubular members has a variable
stiffness along its length.

13. A needle manipulator according to claim 12, wherein
the stiffness varies in a continuous manner along the length of
the at least one elongated tubular member.

14. A needle manipulator according to claim 12, wherein
the stiffness varies in a discontinuous manner along the length
of the at least one elongated tubular member.
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