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ABSTRACT

A Surgical device comprises a tube including a proximal
segment and a distal segment and a plurality of force trans
mission elements coupled to the tube. The force transmission
elements are actuatable to alter the distal segment of the tube
between a flexible state and a stiffened state. The device also
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so

comprises a plurality of routing members. Each routing mem
ber is coupled to a wall of the tube. The routing members are
configured to receive and route the force transmission ele
ments along a length of the tube while permitting the length of

the tube to flex and compress. The device also comprises a
decoupling structure that generates a reduced force transmit
ted to the proximal segment when an applied force is applied
to the distal segment by the force transmission elements.
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FLEXBLE SURGICAL DEVICES

0001. This application is a continuation of U.S. patent
application Ser. No. 12/946,741 filed Nov. 15, 2010, which is
incorporated by reference herein in its entirety.
TECHNICAL FIELD

0002 The present teachings relate generally to flexible
Surgical devices. More particularly, the present teachings
relate to flexible surgical devices that can be varied between
flexible and stiffened states for minimally invasive surgery.
BACKGROUND

0003 Minimally invasive surgical techniques generally
attempt to perform Surgical procedures while minimizing
damage to healthy tissue. One particular technique for
achieving this goal employs flexible Surgical devices that are
able to reach a target work site inside a patient by at least
partially following a natural lumen, Such as, for example, the
digestive tract, blood-carrying lumens, or other lumens, of the
patient. Following a natural lumen, for example, can allow a
Surgeon to operate at a work site while making fewer and/or
Smaller incisions through healthy tissue, although an incision
may be needed at locations where the flexible device enters or
leaves a natural lumen.

0004 Surgical devices that are able to follow a natural
lumen or other tortuous paths must therefore be flexible,
which requires the devices to have properties and abilities that
may not exist or be needed in other surgical instruments.
Furthermore, although a surgical device must be flexible
enough to navigate a tortuous path, in order to properly
manipulate a Surgical tool (e.g., an end effector) positioned at
a distal end of the device, the Surgical device must also pro
vide a stable base once positioned at a work site.
0005. In certain surgical applications and devices, how
ever, a rigid minimally invasive instrument may be more
effective for carrying out various procedures. Such instru
ments inherent stiffness may be useful for tasks Such as
retraction, dissection, and Suture tightening because a flexible
device, even if prevented from bending by holding its actuat
ing mechanisms stationary, is less stiff than a rigid instrument
of similar outer diameter. As another example, if two mini
mally invasive instruments are used at an internal Surgical
work site, it is often desirable to have these instruments

angled to one another so as to provide a triangulation that
allows a Surgeon to view the work site (e.g., using an endo
Scope) without the instruments blocking the view. In addition,
Such instrument triangulation often provides a more effective
configuration for various Surgical tasks (e.g., dissection,
Suturing, knot tying, etc.) than instruments that are oriented
relatively parallel to one another.
0006. Some conventional surgical devices that are actuat
able between flexible and stiffened states have interconnected

articulating links in a variety of arrangements to provide
bending in one and/or multiple degrees of freedom (DOF)
when in a flexible state. Such devices generally also include a
force transmission mechanism (e.g., tension elements) inter
connected to the links to control the bending of the device in
the flexible state and to place the device in the stiffened or
flexible state. Other devices may use other methods of rigidiz
ing an instrument. For example, U.S. Patent Application Pub
lication No. US 2009/0299343 A1 (filed May 25, 2008:
entitled “Stiffening Assembly) discloses leaf structures that
may be compressed to stiffen a flexible structure. As another

example, U.S. Patent Application Publication No. US 2008/
0091170A1 (filed Jun. 30, 2006; entitled “Canula System for
Free Space Navigation and Method of Use') discloses stiff
ening embodiments that include thermal, vacuum, and pres
Sure stiffening methods, as well as tension element rigidizing
methods. Yet another example is U.S. Patent Application No.
US 2010/0160724A1 (filed Dec. 23, 2008; entitled “Flexible
Surgical Instrument with Links Undergoing Solid-State Tran
sitions'), which discloses a long link made of a shape
memory alloy or another material having one state in which
the link is sufficiently flexible to bend as needed to pass
through a curved entry guide and another state in which the
link returns to a desired shape and is sufficiently rigid for
precise controlled movement. Since these structures have a
relatively large number of different parts, the costs associated
with manufacturing and assembling these parts can be rela
tively high. Thus, flexible minimally invasive Surgical instru
ments have certain advantages over rigid straight or curved
minimally invasive Surgical instruments, and Vice-versa.
Likewise, both instrument types have certain disadvantages
in both use and construction. It is desirable, therefore, to have

a single minimally invasive Surgical instrument that includes
the benefits of both flexible and rigid instruments while at the
same time minimizing their effective disadvantages.
0007 To navigate tight, tortuous paths and perform com
plex motions (e.g., at a Surgical work site), it may therefore be
desirable to provide a surgical device that is sufficiently flex
ible to follow a variously curved path in a flexible state, while
also providing sufficient rigidity in a stiffened State. It may
also be desirable to provide a Surgical device that can transi
tion between flexible and stiffened states, using, for example,
existing actuation systems and controls. Further, it may be
desirable to provide a Surgical device that can transition
between flexible and stiffened states, can be made of rela

tively simple structures, can reduce the number of compo
nents and/or differently configured components, and/or can
provide for relatively robust manufacturing.
SUMMARY

0008. The present teachings may solve one or more of the
above-mentioned problems and/or may demonstrate one or
more of the above-mentioned desirable features. Other fea

tures and/or advantages may become apparent from the
description that follows.
0009. In accordance with various exemplary embodi
ments of the present teachings, a Surgical device can include
a tube comprising a wall having a plurality of slits oriented
generally transverse to a longitudinal axis of the tube. Each of
the slits may be defined by opposing Surfaces. The Surgical
device can further include a force transmission element

coupled to the tube. In a flexible state of the tube, at least some
of the opposing Surfaces defining respective slits are sepa
rated from one another, and in a stiffened state of the tube, a
force exerted on the force transmission element causes the

opposing Surfaces of each slit to contact one another.
0010. In accordance with various additional exemplary
embodiments of the present teachings, a method can include
longitudinally compressing a Surgical instrument tube when a
command to place the tube in a stiffened state is received.
Longitudinally compressing the Surgical instrument tube
causes opposing Surfaces of slits in the tube to contact one
another. The method can further include reducing the longi
tudinal compression on the Surgical instrument tube when a
command to place the tube in a flexible state is received, and
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reducing the longitudinal compression allows the opposing
surfaces of at least some of the slits to be separated from one
another.

0011 Additional objects and advantages will be set forth
in part in the description which follows, and in part will be
obvious from the description, or may be learned by practice of
the present teachings. The objects and advantages may be
realized and attained by means of the elements and combina
tions particularly pointed out in the appended claims and their
equivalents.
0012. It is to be understood that both the foregoing general
description and the following detailed description are exem
plary and explanatory only and are not restrictive of the
claims.
BRIEF DESCRIPTION OF THE DRAWINGS

0013 The present teachings can be understood from the
following detailed description either alone or together with
the accompanying drawings. The drawings are included to
provide a further understanding of the present teachings, and
are incorporated in and constitute a part of this specification.
The drawings illustrate one or more embodiments of the
present teachings and together with the description serve to
explain certain principles and operation.
0014 FIG. 1 is a schematic view of an exemplary embodi
ment of a Surgical device in accordance with the prior art;
0015 FIG. 2 is a side elevation view of one exemplary
embodiment of the distal portion of a Surgical device in accor
dance with the prior art;
0016 FIG.3 is a schematic view of an exemplary embodi
ment of a Surgical device in accordance with the present
teachings;
0017 FIG.3A is a side elevation view of a distal portion of
FIG.3:

0031 FIG. 11 is a partial cross-sectional schematic view
of the tube of FIG. 9 illustrating tension elements in accor
dance with the present teachings;
0032 FIGS. 11A-11C are the respective cross-sectional
views taken from 11A-11A, 11B-11B, and 11C-11C of FIG.
11:

0033 FIG. 12 is a flow diagram of a method for altering a
surgical device between stiffened and flexible states in accor
dance with an exemplary embodiment of the present teach
1ngS.

0034 FIG. 13 is a flow diagram for actively controlling the
configuration of the Surgical device in accordance with the
method of FIG. 12;

0035 FIG. 14A is a partial cross-sectional view of yet
another exemplary embodiment of a tube illustrating com
pression elements in accordance with the present teachings;
and

0036 FIGS. 14B and 14C show schematic views of
opposing Surfaces of a slit on an inner bend radius of the tube
of FIG. 14A in response to various bending forces applied to
the tube.
DETAILED DESCRIPTION

0037. This description and the accompanying drawings
that illustrate exemplary embodiments should not be taken as
limiting and the claims define the scope of the present teach
ings. Various mechanical, compositional, structural, electri
cal, and operational changes may be made without departing
from the scope of this description and the invention as
claimed, including equivalents. In some instances, well
known structures, and techniques have not been shown or
described in detail so as not to obscure the disclosure. Like

numbers in two or more figures represent the same or similar
elements. Furthermore, elements and their associated aspects

0018 FIG. 3B is a partial perspective view of the tube of

that are described in detail with reference to one embodiment

FIG.3:

may, whenever practical, be included in other embodiments
in which they are not specifically shown or described. For
example, if an element is described in detail with reference to

0019 FIG. 4 is a schematic view of the tube of FIG. 3
illustrating tension elements in accordance with the present
teachings;
0020 FIG. 5A is a diagrammatic view of the tube of FIG.
3 in a flexible state;
0021 FIG. 5B is a partial perspective view of the tube of
FIG. 3 in a flexed (bent) state;
0022 FIG.5C is a partial perspective view of the tube of
FIG. 3 in a stiffened state;
0023 FIG.5D is a diagrammatic view of the tube of FIG.
3 in a stiffened state;
0024 FIG.5E illustrates a partial diagrammatic view of a

one embodiment and is not described with reference to a

second embodiment, the element may nevertheless be
claimed as included in the second embodiment.

ments of the present teachings;
0026 FIG. 6 is a schematic view of an actuation mecha
nism in accordance with the present teachings;
0027 FIG. 7 is a partial side elevation view of an exem
plary embodiment of a Surgical system in accordance with the
present teachings;
0028 FIG. 8 is a partial side elevation view of an exem
plary embodiment of a Surgical system;
0029 FIG.9 is a schematic view of another surgical device
in accordance with the present teachings;
0030 FIG. 10 is apartial elevation view of the tube of FIG.

0038. For the purposes of this specification and appended
claims, unless otherwise indicated, all numbers expressing
quantities, percentages, or proportions, and other numerical
values used in the specification and claims, are to be under
stood as being modified in all instances by the term “about.”
Accordingly, unless indicated to the contrary, the numerical
parameters set forth in the following specification and
attached claims are approximations that may vary depending
upon the desired properties sought to be obtained by the
present invention. At the very least, and not as an attempt to
limit the application of the doctrine of equivalents to the scope
of the claims, each numerical parameter should at least be
construed in light of the number of reported significant digits
and by applying ordinary rounding techniques.
0039. Notwithstanding that the numerical ranges and
parameters setting forth the broad scope of the invention are
approximations, the numerical values set forth in the specific
examples are reported as precisely as possible. Any numerical
value, however, inherently contains certain errors necessarily
resulting from the standard deviation found in their respective
testing measurements. Moreover, all ranges disclosed herein
are to be understood to encompass any and all Subranges

9;

subsumed therein.

tube in accordance with various additional embodiments of

the present teachings;
0025 FIG. 5F illustrates another partial diagrammatic
view of a tube in accordance with various additional embodi
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0040. It is noted that, as used in this specification and the
appended claims, the singular forms “a,” “an and “the and
any singular use of any word, include plural referents unless
expressly and unequivocally limited to one referent. As used
herein, the term “include and its grammatical variants are
intended to be non-limiting, Such that recitation of items in a
list is not to the exclusion of other like items that can be
substituted or added to the listed items.

0041. Some conventional surgical devices, including
articulated arms and structures used to Support and move
surgical tools, are either substantially flexible or rigid, while
other surgical devices are transitioned between flexible and
rigid states. For minimally invasive Surgery, it may be desir
able for a surgical device to achieve both a flexible state and
a stiffened State. Accordingly, exemplary embodiments of the
present teachings consider Surgical devices that can be altered
between a flexible state and a stiffened state. These devices

include, for example, a tube that has a plurality of slits along
at least a portion of the tube, for example, slits through the
tube wall.

0042. In various exemplary embodiments, the slitted tube
may be interconnected with other structures, such as, for
example rigid link structures, to form the articulable Surgical
device. In other exemplary embodiments, the slitted tube may
be used alone, for example, in place of one or more conven
tional articulable serial link structures. Thus, exemplary Sur
gical devices may include, for example: (i) arms that have a
series of two or more passive, flexible tubes connected by
joints having at least one DOF, and (ii) active, continuously
flexible tubes having at least one DOF that can be used alone
to replace an articulating serial link structure (i.e., the tube
itself can form the articulating arm). As those of ordinary skill
in the art would understand, however, the embodiments as

described generally above and in detail below are exemplary
only and not intended to be limiting of the present teachings
or claims. Surgical devices in accordance with the present
teachings may, for example, also include hybrid structures,
which include at least one passive, flexible tube portion and at
least one active, continuously flexible tube portion. More
over, flexible slitted tubes in accordance with various exem

plary embodiments may be altered between passive and
active states, for example, via control systems that adjust the
tension in tension mechanisms associated with the tubes.

0043. Exemplary embodiments described herein include
various minimally invasive Surgical devices, which may, for
example, be used in conjunction with various robotic Surgical
systems. Robotic Surgical systems are known, and examples
of certain telerobotic Surgical features and components may
be found in systems such as the da Vinci R. Surgical System
(specifically, a Model IS3000, marketed as the da VinciR)
SiTM HDTM Surgical System), commercialized by Intuitive
Surgical, Inc. of Sunnyvale, Calif.
0044 As used herein, the term “flexible” and variations
thereof in association with a mechanical structure, such as,

for example, a tube, should be broadly construed. The term
describes structures (e.g., a tube) that can be repeatedly bent
and restored to its original shape without permanent defor
mation and/or other harm to the structure. As those of ordi

nary skill in the art would understand, many “rigid' structures
have a slight inherent resilient “bendiness” due to material
properties, although such structures are not considered “flex
ible' as the term is used herein. As those of ordinary skill in
the art would further understand, a structure's flexibility may
also be expressed in terms of its stiffness. Those ordinarily
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skilled in the art would appreciate that devices having a flex
ible state and a stiffened state are in differing relative states of
flexibility (or rigidity). For example, the flexible state may
provide a degree of bending to the device that is significantly
greater than when the device is in the stiffened state, in which
the device acts more like a single, rigid structure.
0045. In accordance with the present teachings, a tube may
also be either actively or passively flexible. An actively flex
ible tube may be bent by using forces originating from
Sources associated with the tube itself. Such forces acting on
the tube to intentionally bend it (e.g., in an amount and direc
tion) as desired. For example, one or more force transmission
elements may be routed lengthwise along the tube and offset
from the tube's center longitudinal axis, so that a force on one
or more of the force transmission elements acts on the tube to

cause the tube to bend. Exemplary force transmission ele
ments that can be utilized to bendan actively flexible tube can
include but are not limited to, for example, tension elements
that transmit a force on the tube when a tension force is

exerted on the elements (e.g., cables, filaments, wires, rods,
etc.) and/or compression elements that transmit a force on the
tube when a compressive force is exerted on the elements
(e.g., rods). In either case, the force transmission elements
should also be sufficiently flexible in order to be able to bend
as the tube bends, but still enable a force to be transmitted to

the tube to bend and/or stiffen the tube. A passively flexible
tube is bent by a force external to the tube and its associated
components. For example, during a minimally invasive pro
cedure, an external force may be the reactive force the tube
experiences when pushed against tissue. As those of ordinary
skill in the art would understand, however, an actively flexible
tube, when not actuated by its associated sources of force,
may be passively flexible. Furthermore, a tube may include
one or more actively and passively flexible portions in series.
0046. As used herein, the term “a flexible state' refers to a
state in which the tube's flexible nature is being used. In other
words, when “in the flexible state' a tube is either actively or
passively bendable or bent. For example, tension in one or
more tension elements may cause the tube to bend (i.e., while
tension on the remaining tension elements is relaxed), or a
force external to the tube may cause the tube to bend when
tension on one or more tension elements is relaxed (i.e., when
tension on all the tension elements is relaxed).
0047. As used herein, the term “a stiffened state' refers to
a state in which the tube is actively rigidized. In other words,
when “in the stiffened state' a tube is effectively rigid so as to
be substantially prevented from passive bending of the tube.
For example, a force may be exerted to substantially uni
formly compress the tube along its longitudinal axis to
thereby stiffen the tube (i.e., to provide sufficient rigidity for
a stable base). In exemplary embodiments, the compression
force on the tube may be exerted by applying equal tension on
one or more tension elements associated with the tube. Thus,

in the stiffened state, the tube is stiff enough so that it can be
effectively controlled as a single, rigid piece.
0048 FIG. 1 schematically illustrates a side elevation
view of an exemplary surgical device 100. Surgical device
100 includes, for example, a serial link structure (i.e., an arm)
comprising a series of segments 102, 104, and 106 intercon
nected by joints 103 and 105. As depicted, a surgical end
effector 110 (e.g., grasper, needle driver, shears, cautery tool,
camera, and/or the like) is coupled to the distal end of segment
106. As illustrated and described in greater detail below, the
surgical device 100 may be actuated via cables 131 and 132
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by an actuation mechanism 130. In one exemplary embodi
ment, the segments 102, 104, and 106 can be rigid links.
0049. Although various structures can be used to form the
surgical device 100, FIG.2 shows a side elevation view of one
exemplary embodiment of the mechanical distal portion 250
of a Surgical device, such as disclosed, for example, in U.S.
Application Publication No. US 2008/0065102A1 (filed Jun.
13, 2007; entitled “Surgical Instrument with Parallel Motion
Mechanism'), the entire contents of which are incorporated
by reference herein. As shown in FIG. 2, the surgical device
distal portion 250 can include illustrative joints 203 and 205
that each has two hinges pivotable around orthogonal axes.
The joints 203 and 205 are interconnected by a rigid link 204,
which can be in the form of a rigid tube. Thus, by providing
differing pivoting arrangements in joints 203 and 205, various
shapes can be achieved over the distal portion 250 of the
Surgical device to achieve one or more of pitch and yaw
movement of the arm to perform complex motions that can be
desirable for various Surgical tasks, examples of which
include but are not limited to knot tying, resection, Suturing,
etc. Permitting Such complex motions can also be useful in
traversing tortuous paths and accurately reaching a target site
in a patient’s body. Reference is made to U.S. Application
Publication No. US 2008/0065102 for various arrangements
to achieve various bending patterns in the arm.
0050 Those of ordinary skill in the art would understand,
however, that surgical device distal portion 250 is exemplary
only and illustrates one exemplary configuration for the Sur
gical device 100 that is represented schematically in FIG. 1.
The arrangement of elements shown in FIGS. 1 and 2 is not
intended to be limiting of the present teachings and claims,
but rather, as explained in more detail below, depict exem
plary Surgical devices with which embodiments in accor
dance with the present teachings can be utilized. Surgical
device 100 may therefore comprise various types, numbers,
and/or configurations of components (e.g., interconnected
joints, links, etc.) depending upon the particular Surgical
application desired. In various embodiments, for example,
joints 103 and 105 may function as a multi-link section (e.g.,
as independently controlled joints), whereas in various addi
tional embodiments joints 103 and 105 may function as a
pivoting joint pair (e.g., as mechanically coupled joints). Ref
erence is also made to U.S. patent application Ser. No.
12/945,734 (filed Nov. 12, 2010; entitled “Tension Control in
Actuation of Multi-Joint Medical Instruments', and U.S.

patent application Ser. No. 12/618,608, (filed Nov. 13, 2009:
entitled “Curved Cannula Instrument'), the entire contents of
both of which are incorporated by reference herein, for vari
ous types and configurations of devices Suitable for applica
tion of the flexible tubes of the present teachings.
Passively Flexible Surgical Devices
0051. In accordance with aspects of the present teachings,
a passively flexible, stiffenable tube is made by placing a large
number of relatively thin slits in the tube wall across a width
of the tube. These slits allow the tube to be flexible, and

accordingly the widths of the various slits in the tube wall
increase or decrease as the tube bends. To place the tube in a
stiffened state, the tube is longitudinally compressed, which
closes the slits so that opposing Surfaces of each slit are
pressed against each other. In this stiffened State, the tube
effectively functions as an uncut (e.g., solid wall) tube. When
the longitudinal compression is relaxed (e.g., reduced or
removed), the tube returns to a flexible state, in which the

opposing Surfaces of each slit are spaced apart from each
other. These aspects are discussed in further detail below.
0.052 Referring now to FIG.3, in accordance with various
exemplary embodiments of the present teachings, a Surgical
device 300 can comprise at least one passive, flexible seg
ment, such as a passive, flexible tube 304 having a plurality of
slits 321 in the tube wall, as shown in more detail in FIGS. 3A

and 3B. Surgical device 300 includes, for example, a serial
link structure (i.e., an arm) comprising a series of segments
302,304, and 306 interconnected by joint pairs 303 and 305.
In various exemplary embodiments, a Surgical end effector
310 (e.g., grasper, needle driver, shears, cautery tool, camera,
and the like) is coupled to the distal end of segment 306. By
way of example, therefore, the rigid link 204 in the embodi
ment of FIG. 2 can be replaced with the passive, flexible tube
304 to provide an arrangement that can offer various desirable
features, as described further below.
0053 As used herein the term “tube' refers to structures

that are generally hollow and can pass and/or contain mate
rial. Tubes may have variously shaped cross-sections (e.g.,
circular, oval, elliptical, polygonal, etc., or combinations
thereof), and in Some instances a tube may have one or more
openings in its sidewall. In various embodiments, a tube may
also be filled with a material that provides low resistance to
bending (e.g., a flexible material Such as a soft plastic, metal
lic braid, spring, etc.). As shown in FIG. 3B, in an exemplary
embodiment, the passive, flexible tube 304 is an elongate,
hollow structure having a longitudinal axis A and a diameter
d. In various embodiments, as illustrated in FIGS. 3 and 3A,
the tube 304 is at least a portion (e.g., a segment) of a Surgical
device 300 designed to be inserted into a patient to perform
minimally invasive Surgery. Accordingly, in various embodi
ments, with reference to FIG. 3B, the tube 304 has an outer

diameter d, ranging from about 2 mm to about 12 mm, Such
as, for example, from about 2 mm to about 8 mm, or, for
example, from about 2 mm to about 5 mm. The thickness t of
the tube wall 322, in various embodiments, ranges from about
0.07 mm to about 0.38 mm, for example, from about 0.12 mm
to about 0.25 mm for a tube having an outer diameter of about
5 mm. Furthermore, invarious embodiments wherein the tube

304 is a segment of a serial link structure (i.e., comprising
only a portion of the arm), the tube 304 has a length ranging
from about 6 mm to about 80 mm.

0054 Those of ordinary skill in the art would understand,
however, that the tube 304 may have various dimensions (e.g.,
diameters and/or lengths) and be formed from various resil
ient and biocompatible materials including, for example,
stainless steel, titanium, shape-memory alloys (e.g., various
pseudoelastic/superelastic materials, such as initinol), plastic
or a composite, and that the dimensions and material used for
the tube 304 may be chosen as desired based on surgical
application, strength, cost, and other Such factors.
0055 As illustrated in FIGS. 3A and 3B, the slits 321 in
the wall 322 of the tube 304 are disposed along at least a
portion of the length of the tube 304, and are oriented gener
ally transverse to the longitudinal axis A of the tube 304. In
other words, each slit 321 lies within a plane that is generally
transverse to the longitudinal axis A of the tube 304. Those of
ordinary skill in the art would understand, however, that the
slits 321 may have various orientations with respect to the
longitudinal axis A of the tube 304. In various embodiments,
for example, each of the slits 321 may be oriented in planes
angled from about 45 degrees to about 90 degrees (i.e., per
pendicular) relative to the longitudinal axis A of the tube 304.
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In an exemplary embodiment, the slits 321 are formed by
laser cutting, and they extend through the thickness t of the
tube wall 322. Depending on the material of tube 304, how
ever, the slits 321 may be formed using various techniques
and/or methods as would be understood by those of ordinary
skill in the art, including, for example, using a slitting saw,
waterjet cutting, injection molding, and/or electric discharge
machining (EDM). Furthermore, in various embodiments
(not shown), the slits 321 may extend partially through the
thickness of the tube wall 322 (e.g., formed in an outer surface
of the tube wall).
0056. The tube 304 may comprise various slit configura
tions (e.g., patterns, numbers, arrangement relative to each
other, and/or dimensions). Those of ordinary skill in the art
would understand, for example, that the mechanical proper
ties of the tube 304 can be modified by changing the configu
ration. Consequently, depending on a particular Surgical
application, those of ordinary skill in the art would under
stand how to determine Suitable slit patterns, numbers,
arrangements, and dimensions, including, for example, slit
width (as measured by the distance between opposing tube
wall surfaces that define a slit), slit density (the number of slits
321 per unit length of tube 304), and the length of each slit 321
(the distance between two ends of a slit 321 measured around
a periphery of the tube 304), to achieve desired tube proper
ties (e.g., flexibility and stiffness). In various exemplary
embodiments, for example, a tube 304 with an outer diameter
of about 5 mm may have a slit width in the range of about
0.001 inches to about 0.010 inches, with spacing between
each slit in the range of about 0.005 inches to about 0.030
inches. Furthermore, by way of example, although FIG. 3A
shows the tube 304 having slits 321 along substantially the
entire length of the tube 304, the slits 321 could be formed
only along a portion of the tube or could be formed in discrete
sections along the length of the tube 304.
0057. In various exemplary embodiments of the present
teachings, the slits 321 may be configured to provide various
ranges of bending about the longitudinal axis A of the tube
304 when the tube 304 is in the flexible state. In various

embodiments, for example, the slits 321 provide a range of
bending ranging from about 10 degrees to about 45 degrees.
In various additional embodiments, the slits 321 provide a
range of bending of about 10 degrees per inch of length of the
tube 304. Differing patterns and arrangements of the slits 321
may also be used in differing regions along the length of the
tube 304 to provide varying ranges of bending or stiffness
along a length of tube 304. In various embodiments, for
example, the slits 321 may be configured to provide less
flexibility at the ends of the tube 304 (i.e., at locations where
the passive, flexible tube 304 connects to joints 303 and 305)
as compared to central regions along the length of the tube
304 where greater flexibility may be desired.
0058 As shown in FIGS. 3A and 3B, to provide a substan
tially isotropic bend in the tube 304, in various embodiments,
the slits 321 may follow a helical path around the periphery of
the tube 304 (e.g., the slits 321 may comprise a helical pat
tern). In other words, the slits 321 are cut along a line 360 that
spirals around the tube 304. In one exemplary embodiment,
for example, the slits 321 are cut at a relatively fine pitch of
about 0.5 mm (turns per longitudinal length of tube 304). In
Such a configuration, each cut along the line is about 170
degrees of the tube circumference, followed by a non-cut
length of about 30 degrees of the tube circumference. This cut
pattern, for example, provides 40 degrees of offset between

the start point of each slit 321 (i.e., between slit ends that are
stacked adjacent one another as the pattern moves longitudi
nally along the tube 304). As illustrated in FIGS. 3A and 3B.
this cut pattern results in a double helix pattern of slits 321 and
a double helix pattern of uncut lengths (e.g., Solid, uncut wall
regions between slit ends) along the length of the tube 304. As
shown with particular reference to FIG. 3A, the line 361
depicted by the uncut regions illustrates one of the double
helixes that spirals around the tube 304 (although at a rela
tively coarser pitch than the line 360 along which the cuts are
made). Although not wishing to be bound by a particular
theory, it appears that this spiral formed by line 361 of uncut
regions acts as a coil spring would act to Support and stiffen
the slitted tube 304. Thus, as would be understood by those of
ordinary skill in the art, various tube characteristics (e.g.,
longitudinal stiffness, plasticity, etc.) may be determined by
the parameters of the spiral of uncut regions 361 (e.g., the
pitch of the line 360 along which the cuts are made, the cut
lengths along the line 360, and the uncut lengths along the line
361).
0059. It can be seen that for certain slit patterns, the tube
ends may rotate with reference to one another as the tube is
longitudinally compressed to place it in the stiffened state.
And So, in various embodiments, for example, to prevent
twisting of the ends of the tube 304 relative to each other
during compression of the tube 304 (i.e., during the stiffened
state), the slits 321 on a first length of the tube 304 may follow
a right-hand helical path and the slits 321 on a second length
of the tube 304 may follow a left-hand helical path (not
shown). Alternatively, the slits may be patterned so that a
known rotation of one end of the tube with reference to the

opposite end is obtained when the tube is compressed into the
stiffened state.

0060. To alter the tube 304 between a flexible state (see
FIG.5A) and a stiffened state (see FIGS. 5C and 5D), one or
more force transmission elements can be coupled to the tube
304. As would be understood by those of ordinary skill in the
art, a force transmission element may comprise a variety of
tension elements, such as, for example, a cable, a wire, a
filament, or a rod, and/or compression elements, such as, for
example, a push rod. Suitable materials for the force trans
mission elements can include metals and polymers, for
example. As would be further understood by those of ordinary
skill in the art, force transmission elements may have various
configurations (e.g., numbers and/or locations), and the num
ber and location of used may be chosen as desired based on
Surgical application, efficiency, cost, and other such factors.
The force transmission elements, whether tension or com

pression elements, have sufficient strength to transmit a force
to the tube to stiffen and/or bend the tube as desired, but also

are sufficiently flexible to permit bending of the force trans
mission element with the bending of the tube. The force
transmission elements may be part of an actuation/tensioning
system commonly used in various articulating minimally
invasive Surgical devices (e.g., arms, wrists, guide tubes). For
example, the one or more force transmission elements can be
part of the actuation mechanism 330 used to control the
overall surgical device 300 in the exemplary embodiment of
FIG. 3.

0061. As shown in FIGS. 3 and 4, for example, in various
embodiments, the force transmission elements may comprise
tension elements in the form of a plurality of cables (two of
which cables331 and 332 are depicted in the view of FIGS.3
and 4, however those having ordinary skill in the art would
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understand that any number of cables may be used depending
on the desired application and movement of the Surgical
device) positioned within the tube 304. As shown in FIG. 3
and mentioned above, in various embodiments, the cables

331 and 332 may comprise actuation cables that are con
nected to and used to control (e.g., articulate and/or rigidize)
segments of the serial link structure that are distal to the
passive flexible tube 304 (e.g., joint 305 and/or end effector
310) in the exemplary embodiment of FIGS. 3 and 3A.
0062. As illustrated in the cut away view of FIG. 4 show
ing the interior of the tube, in various embodiments, cables
331 and 332 can be routed internally through the lumen of the
tube 304 to ultimately connect to an actuation mechanism at
a proximal end of the Surgical device and to one or more
segments of the surgical device distal to the tube 304, as
shown by the extension of the cables331 and 332 past the tube
on the right hand side in the view of FIG. 4. In exemplary
embodiments, it may be desirable, though not necessary, to
include routing members 341, shown schematically, to
receive and position the cables 331 and 332 proximate an
interior of the tube wall. Exemplary routing members are
discussed in more detail below with reference to the exem

plary embodiment of FIG. 11. Routing members 340 can be
used to keep the cables 331 and 332 away from the center of
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web connecting elements 350 are progressively offset from
one another by a small amount along the length of the tube
304 so that they are arranged in a helical pattern in the tube
304. Thus, regions 352, as shown by the dashed line paral
lelogram shape, exist in the tube 304 between the web con
necting elements 350. Although not wishing to be bound by a
particular theory, it appears that, as the tube 304 bends, slight
deformations occur in the web connecting elements 350 (e.g.,
due to twisting of the connecting element.).
0066. Accordingly, as would be understood by those of
ordinary skill in the art, upon application of a bending
moment (e.g., via an external force), the passive, flexible tube
304 may bend. In other words, as illustrated in FIG. 5B, at
least some of the slits 321 on an outer bend radius 325 of the

tube 304 may open such that opposing slit surfaces 327 and
328 are spaced apart from each other; while at least some of
the slits 321 on an inner bend radius 326 of the tube 304

constrict such that the opposing surfaces 327 and 328 defining
those slits 321 are in contact with, and in some cases pressed
against, each other.
0067. The passive, flexible tube 304 can be placed in the
stiffened state by applying tension T (see FIG. 4) to cables
331 and 332 (i.e., wherein both T and T have the same
tensionT), which may be desirable, for example, once the end

the lumen of the tube 304 so as to reduce the risk of the cables

effector 310 is located at a work site. As shown in FIGS. SC

331 and 332 interfering with other components (e.g., fiber
sensors, actuation members for controlling the end effector,
and/or other instruments) that may be present in the lumen of

and 5D, in the stiffened state, the tube 304 is straightened and
compressed along the longitudinal axis A. The stiffened State
of the tube 304 can provide a stable base for operation of the
end effector 310 by preventing or substantially minimizing
bending of the tube 304. As depicted in FIG. 5C, in the
stiffened state, the tube 304 is compressed along the longitu
dinal axis to constrict the slits 321 so that opposing slit Sur
faces 327 and 328 contact each other, and, for example, press
against each other.
0068 FIG.5D illustrates a diagrammatic view of the tube

the tube 304.

0063 FIG. 4 also depicts exemplary end caps342 that may
be optionally provided on the ends of the tube 304 to use as a
coupling structure to connect the tube to other tubes or struc
tures in a serial link structure. Although not shown in FIG. 4,
the end caps 342 may be provided with exterior surface fea
tures or other structures that can provide a coupling to another
structure in the serial link structure.

0064. The passive, flexible tube 304 is placed in the flex
ible state by relaxing cables 331 and 332. The tube 304 may
be placed in the flexible state, for example, to navigate
through a natural lumento reach a work site. As shown in FIG.
5B, in the flexible state, the tube 304 may passively bend upon
external forces acting thereon, Such as, for example, when the
surgical device 300 encounters a wall of the lumen during its
navigation therethrough. In this manner, tissue damage may
be minimized by allowing the tube 304, as well as potentially
other articulable portions of the device 300, to passively bend
upon a portion of the surgical device 300 impacting the
lumen. As would be understood by those of ordinary skill in
the art, in various embodiments wherein the cables 331 and

332 comprise actuation cables (e.g., to actively control joint
305 and/or end effector 310), the passive, flexible tube 304
may also passively bend via the movement of the other sur
gical components of device 300.
0065. The pattern of slits 321 on the tube 304 may be
thought of as creating a web structure that when uncom
pressed allows the structure to bend into the spaces within the
web and when compressed prevents the structure from bend
ing by closing the spaces within the web. FIG. 5A illustrates,
for example, a diagrammatic view of the tube 304 in a flexible
state. As shown in FIG. 5A, the slits 321 are open, so that
opposing surfaces 327 and 328 defining a respective slit are
apart. At the end of each slit 321 is a web connecting element
350 (i.e., an uncut region of the tube wall). As also illustrated
in FIG. 5A (as well as in FIGS. 3A, 3B, 5B, 5C, and 10), the

304 in a stiffened state. As shown in FIG.SD, the tube 304 has

been longitudinally compressed, as illustrated by arrows 354
(force transmission elements, such as internal cables 331 and
332, are not shown). This longitudinal compression brings
opposing slit surfaces 327 and 328 against one another so that
the slit is effectively closed. It can be seen that some longitu
dinal shortening of tube 304 occurs as the slits 321 are closed.
As described above, for the configuration shown, the web of
slits also tends to rotate (twist) around the tube's longitudinal
axis during compression. Although not wishing to be bound
by any particular theory, it appears that this rotation is caused
by a small deformation in the regions 352, which results in the
next distal-most web connecting element 350 being further
offset from each preceding web connecting element 350, as
illustrated by arrow 356 in FIG.5D.
0069. Those of ordinary skill in the art will understand,
however, that various patterns of slits 321, and hence various
patterns of web connecting elements 350 (i.e., uncut regions
of the tube wall), may be used to provide various tube 304
bending and rigidizing features. For example, as described
above, a helical pattern of connecting elements, at a particular
slit density, may produce a known compression twist along a
particular tube length. Accordingly, two Substantially equal
length portions of the tube 304, with opposite helical patterns
of connecting elements 350, will produce opposite twists that
will effectively offset one another so that there is no recog
nizable twist between opposite ends of the tube 304.
(0070 FIGS. 5E and 5F, for example, illustrate diagram
matic views of a tube showing slit/connecting element pat
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terns in accordance with various additional embodiments of

the present teachings. As shown in pattern 5358 of FIG. 5E,
the connecting elements 5350 are longitudinally aligned.
Accordingly, as would be understood by those of ordinary
skill in the art, pattern 5358 induces a preferential bending in
tube 5304, so that tube 5304 bends to the left and to the right,
but not into or out of the plane of the paper (opposite side
connecting elements are hidden behind the ones shown). Fur
ther, maintaining a relatively small width of connecting ele
ments 5350 relative to the diameter of the tube 5304 can

facilitate the ability to place the tube 5304 in a stiffened state.
As shown in pattern 6359 of FIG.SF, each subsequent pair of
connecting elements 6350 are offset from the preceding pair
of connecting elements 6350 by 90 degrees. Accordingly, as
would be understood by those of ordinary skill in the art,
pattern 6359 induces no preferential bending direction for the
tube 6304, and there is effectively no longitudinal twist when
tube 6304 is compressed and stiffened. Furthermore, in this
embodiment, since the areas 6352 between the connecting
elements 6350 are relatively large, material stress within
areas 6352 appears to be minimized during compression. As
mentioned above, those of ordinary skill in the art will also
understand that various other patterns of slits and connecting
elements may be used with various slit densities and/or tube
lengths to produce desired tube flexibility and stiffening fea
tures.

0071 Although it is envisioned that a variety of cable
actuation methods and techniques known to those skilled in
the art may be implemented to alter the tube 304 between a
flexible and stiffened state, various exemplary embodiments
in accordance with the present teachings may utilize actua
tion methods and techniques such as disclosed, for example,
in U.S. patent application Ser. No. 12/945,734 (filed Nov. 12,
2010; entitled “Tension Control in Actuation of Multi-Joint

Medical Instruments'), U.S. patent application Ser. No.
12/494.797 (filed Jun. 30, 2009; entitled “Compliant Surgical
Device'), and U.S. Patent Application Publication No. US
2010/0082041 A1 (filed Sep. 30, 2008; entitled “Passive Pre
load and Capstan Drive for Surgical Instruments'), the entire
contents of each of which are incorporated by reference
herein.

0072. As shown in the schematic representation of FIG.3,
for example, in various embodiments, a surgical device 300
may further comprise an actuation mechanism 330 to actuate
the one or more force transmission elements, thereby altering
the passive, flexible tube 304 between flexible and stiffened
states. The actuation mechanism 330 is, for example, a trans
mission mechanism that receives forces from an actuator and

transmits the forces to the device's distal components. As
illustrated in the schematic representation of FIG. 6, in vari
ous exemplary embodiments, the actuation mechanism 330
acts as a transmission that converts torques applied by drive
motors (i.e., actuators)342 and 344 into tensions in respective
cables 331 and 332. As shown in FIG. 6, in various embodi

ments, the actuator comprises one or more motors 342 and
344 that directly couple to capstans 343 and 345 around
which respective cables 331 and 332 wrap. The cables 331
and 332 can therefore be actuated by respective motors 342
and 344 to compress the tube 304 (e.g., to put the tube in a
stiffened state). In various additional embodiments, the actua
tor is backdrivable to overcome a base pretension force in the
cables 331 and 332. In other words, a baseline tension force in

the cables 331 and 332, applied by respective passive preload
systems 346 and 347, may be sufficient to compress the tube

304 (e.g., to put the tube in a stiffened state), and the cables
331 and 332 can be actuated by backdriving the motors 343
and 344 to relax the cables 331 and 332, thereby placing the
tube 304 in a flexible state. Reference is made to U.S. Appli
cation Publication No. US 2010/0082041 A1 for various

devices and methods for actuating the cables. Briefly, the
tensioning element is a tendon. The Surgical device uses a
passive preload system attached to the tendon, which is
wrapped around a capstan. The passive preload system con
trols relaxed state tension in the tendon. The passive preload
system can employ a spring or other structure to apply tension
to the tendon. The capstan can be driven by a motor when the
tendon is needed to pull on a structural member of the instru
ment (e.g., one or more of the instrument’s distal end com
ponents). For example, for an application of clamping pres
Sure or movement of the structural member against
resistance, capstan friction on the tendon can produce tendon
tension that is many times the tension applied by the passive
preload system. However, when the tendon is not needed to
apply force to the member, the capstan can be freed, so that
the preload system provides enoughtension to prevent tendon
derailment or other malfunctions. The low, preload tension in
relaxed state tendons can reduce overall tendon friction, par
ticularly in instruments with flexible shafts that actuate only
Some tendons for desired control inputs (e.g., distal end steer
ing).
0073. Although it is envisioned that a variety of control
systems and methods known to those of ordinary skill in the
art may be implemented to actuate the one or more force
transmission elements (e.g., to alter the tube 304 between
flexible and stiffened states), various exemplary embodi
ments in accordance with the present teachings may utilize
systems and methods such as disclosed, for example, in U.S.
patent application Ser. No. 12/780,417 (filed May 14, 2010;
entitled "Drive Force Control in Medical Instruments Provid

ing Position Measurements'), the entire contents of which are
incorporated by reference herein. As shown in FIG. 6, for
example, in various embodiments, a Surgical device 300 may
further comprise a control system 355 to actuate cables 331
and 332. It should be further understood that a powered actua
tion system is not necessarily required, and that in certain
instances the necessary actuation force may be, for example,
a hand-operated lever, which functions as the actuator for a
force transmission element.

0074. In various additional embodiments, a surgical
device may implement sensing technology Such as disclosed,
for example, in U.S. patent application Ser. No. 12/490,487
(filed Jun. 24, 2009; entitled Arm with a Combined Shape
and Force Sensor) and U.S. Pat. No. 7,720,322 B2 (filed Jun.
30, 2008; entitled “Fiber Optic Shape Sensor”), the entire
contents of which are incorporated by reference herein, to
measure the configuration of the tube. Accordingly, to control
actuation of the at least one force transmission element, Vari

ous exemplary embodiments of the present teachings, may
comprise a sensor configured to measure the position and/or
orientation of the tip (i.e., distal end) of the tube 304 relative
to the base (i.e., proximal end) of the tube 304 and a control
system that receives position and/or orientation information
from the sensor.

0075. As used herein, “configuration of a tube' or “con
figuration of a segment” refers to a general configuration of
the tube or segment that occurs from having one or more
bends in the tube or segment of a tube. For example, the
configuration can refer to a measured position and/or orien
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tation of the tip (i.e., distal end) of the tube or segment relative
to the position and/or orientation of the base (i.e., proximal
end) of the tube or segment. Those of ordinary skill in the art
would therefore understand that as used herein, the term

configuration can refer to one or more parameters that can be
determined (e.g., measured) based on the three-dimensional
geometric shape of the tube or segment. Such parameters can
include, but are not limited to, for example, position, orien
tation, Velocity, acceleration etc.
0076. As shown schematically, for example, in FIG. 3, a
sensor, such as, for example, an optical fiber 333 is routed
through the instrument 300 so that the distal end of fiber 333
terminates, for example, at or near the distal end of segment
306. The position and orientation of the distal end of instru
ment 300 can be determined, for example, by a segment of the
fiber 333 within segment 306. In various embodiments, actua
tion of the cables 331 and 332 may therefore be robotically
controlled or computer-assisted using an existing control sys
tem and sensor 333 implementing a feedback loop that moni
tors, for example, joint pairs 303, 305, and segment 306. As
those of ordinary skill in the art would understand, such a
control scheme gives joints 303 and 305 an “active stiffness”
dependent on the system's characteristics (e.g., actuation
cable stiffness, lever arm, etc.) and control parameters (e.g.,
gains, etc.). Accordingly, as long as the tube 304 is stiffer than
the feedback controlled joints 303 and 305 (i.e., in the stiff
ened State), impact on an existing control system is minimal.
0077. As above, those ordinarily skilled in the art would
understand that surgical device 300 is exemplary only and not
intended to be limiting of the present teachings and claims,
but rather to illustrate one exemplary configuration of a Sur
gical device which may utilize the passive, flexible tubes in
accordance with exemplary embodiments of the present
teachings. A Surgical device may therefore comprise various
types, numbers, and/or configurations of components
depending upon the particular Surgical application desired.
0078. In accordance with various additional exemplary
embodiments of the present teachings, for example, as shown
in FIG. 7, a Surgical system may comprise a curved cannula
720 and a surgical device 700 with a passively flexible shaft
that extends through the cannula 720. The surgical device 700
may comprise several passive, flexible segments, such as a
passive, flexible tube 702 (e.g., which may be made of a
relatively flexible material) and a passive, flexible tube 704
having a plurality of slits 721 on an exterior surface thereof.
Surgical device 700 includes, for example, a serial link struc
ture comprising a series of segments 702, 704, and 706 inter
connected by joints 703 and 705. In various embodiments, a
Surgical end effector 710 (e.g., grasper, needle driver, shears,
cautery tool, camera, and the like) is coupled to the distal end
of segment 706. By way of example, therefore, a rigid link
804 of a surgical device 800, as depicted in the embodiment of
FIG. 8, can be replaced with the passive, flexible tube 704 to
provide an arrangement that can offer increased flexibility to
a shaft as it extends through a cannula. As would be under
stood by those of ordinary skill in the art, Such an application
allows the surgical device 700 to extend through a rigid,
curved cannula 720 having a relatively small inner diameter
and small bend radius (as compared with surgical device 800,
which may only navigate through rigid, curved cannula 820
having a relatively large inner diameter (i.e., relative to the
outer diameter of the device 800) and/or large bend radius
(see FIG. 8)). Thus, when a surgical device like surgical
device 700 is used, the rigid, curved cannula (or other entry
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guide) diameter may be made relatively smaller to minimize
patient trauma. Reference is made to U.S. patent application
Ser. No. 12/618,608 for various types and configurations of
cannula systems suitable for application of the flexible tubes
of the present teachings.
Actively Controlled, Flexible Surgical Devices
0079. In accordance with further aspects of the present
teachings, one or more slitted tubes, or segments of a slitted
tube, may be actively controlled to bend in various ways.
Thus, the slitted tube may be placed into a stiffened state and
into a passively flexible state, as described above, and still
further into an actively controlled state in which the tube is
controlled to achieve a desired shape.
0080. As discussed above, to provide flexibility to a linked
Surgical device, a passive, flexible tube comprising slits may
be used as a segment between the device's articulated joints.
To provide a stable base (e.g., for operation of a Surgical end
effector of the surgical device), the passive slitted tube may be
compressed to straighten and stiffen the tube, for example,
along with other segments (e.g., links) to which the tube is
interconnected. In various other exemplary embodiments,
however, rather than being used with a plurality of intercon
nected articulated joints (i.e., as a segment of an overall serial
link structure), one or more tubes comprising a plurality of
slits may be used alone to provide an active, continuously
flexible, articulating arm that can replace a serial link struc
ture (e.g., replace the link structure of FIG. 1). As with the
passive tube embodiment, such an active, continuously flex
ible tube may be compressed to straighten and stiffen the tube
by pressing the slits Surfaces against each other, thereby
creating a rigid arm when desired.
I0081 FIG.9, for example, illustrates a continuously flex
ible surgical device 900 wherein a slitted tube 904 makes up
the entire actively controlled portion of the device 900 (i.e.,
there are no other serial link structures used to provide the
articulation to the device 900). As illustrated, surgical device
900 includes an active, flexible tube 904 having two active,
continuously flexible articulating segments 906 and 907 (e.g.,
a plurality of actively controlled articulating sections of one
continuously flexible tube 904). As shown in FIG.9, in vari
ous embodiments, a Surgical end effector 910 (e.g., grasper,
needle driver, shears, cautery tool, camera, and/or the like) is
coupled to the distal end of tube 904, and the proximal end of
the tube 904 is connected to a base tubular structure 905 to

support the tube 904 and ultimately provide a connection to
an actuation mechanism 930. Although the base structure 905
can exhibit some flexibility (e.g., be made of a somewhat
flexible material), it is sufficiently rigid so as to passively
bend minimally in response to movement of the segments
906,907. Further base structure 905 can be made of a mate

rial, or otherwise reinforced (e.g., via sheaths as is described
in further detail below), so that it is substantially incompress
ible and able to withstand a compressive force exerted by
stiffening and/or bending of segments 906 or 907.
I0082 Those of ordinary skill in the art would understand
that the active, flexible tube 904 may have various dimensions
(e.g., diameters, wall thicknesses, and/or lengths) and be
formed from various resilient materials including, for
example, stainless steel, titanium, nitinol, plastic, or a com
posite, and that the dimensions and material used for the tube
904 may be chosen as desired based on Surgical application,
strength, cost, and other such factors. In various embodi
ments, as illustrated in FIG. 9, the active, flexible tube 904
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comprises the entire arm of the surgical device 900. Accord
ingly, in various embodiments, each segment 906 and 907 of
the tube 904 has a length ranging from about 3 to about 20 or
more times the outer diameter of the tube 904. In various

embodiments, each segment 906 and 907 has a different
length. In various embodiments, for example, segment 906 is
a relatively longer segment and segment 907 is a relatively
shorter segment.
0083. As shown in FIG. 10, and described in detail above
with regard to FIGS. 3A, 3B, and 5A-5E, the active flexible
tube 904 has a plurality of slits 921 in the tube wall 922. To
alter the tube 904 between a flexible state (e.g., similar to that
shown in FIGS.5A and 5B) and a stiffened state (e.g., similar
to that shown in FIGS. 5C and 5D), one or more force trans
mission elements can be coupled to the tube 904. As shown in
the cross-sectional view of FIG. 11, for example, in various
embodiments, the force transmission elements can comprise
a plurality of tension elements, such as, for example, cables
positioned within the tube 904. In the view of FIG. 11, two
cables 931 and 932 are depicted as respectively correspond
ing to actively control the segments 907 and 906 of the tube
904. Those having ordinary skill in the art will appreciate that
more than one cable may be associated with one or more of
the segments to achieve multiple DOF movement of the seg
ment. For example, as shown in the cross-sectional views of
the segments 906 and 907 in FIGS. 11B and 11C, respec
tively, in an exemplary embodiment each of the segments 906
and 907 has three cables (931,931', 931" corresponding to
segment 907: 932,932', and 932" corresponding to segment
906) associated therewith to actively control the motion (e.g.,
bending/stiffening) of the segments 906 and 907. Those ordi
narily skilled in the art would appreciate that the differing
segments also may have a differing number of cables (e.g.,
ranging from one to more than one, for example, from 1 to 4)
associated therewith depending on the overall movement of
the tube 904 that may be desired.
0084. As illustrated in FIGS. 11 and 11A-11C, in various
embodiments, cables 931 and 932 are routed along an interior
wall of the tube 904 via routing members 941. To maintain
sufficient flexibility of the tube 904 in the regions where
routing members 941 are positioned to permit stiffening and/
or bending of the tube 904, the routing members 941 can be
configured to permit both flexing and compressing of the tube
904. Suitable routing member structures may therefore
include, but are not limited to, a plurality of discrete rings,
loops, hooks or other similar structures, a laser cut hypotube
(for example, cut to form a plurality of rings disposed along
the interior wall of the tube 904, as shown in FIG. 11), a coil
spring attached at various points along its length to the inte
rior wall, or other similar structures that permit bending and
compression of the tube 904. The routing members may be
attached to the interior wall of the tube via welding, or other
Suitable bonding or securing mechanism. In the exemplary
embodiment wherein the routing members comprise a laser
cut hypotube, each of the plurality of slits 921 can also extend
through the hypotube. In other words, in various embodi
ments, the tube wall 922 with attached hyptotubes 941 is laser
cut in a desired pattern so that the tube/hypotube assembly
Substantially becomes a single, flexible piece. In various addi
tional embodiments (not shown), one or more slitted hypto
tubes can be attached to an exterior surface of the tube 904

(i.e., along the exterior of the tube wall 922).
0085. The routing members 94.1 may beformed from vari
ous materials including, for example, stainless steel, nitinol,

titanium, reinforced plastics, and/or composite materials.
Those of ordinary skill in the art would understand how to
selecta material for the routing members 941 based on factors
Such as, for example, application, flexibility, cost, etc. For
routing members comprising hypotubes, Suitable materials
may include, for example, compressible plastics, such as, for
example, expanded polytetrafluoroethylene (PTFE). In one
exemplary embodiment, routing members comprising dis
crete rings, loops, hooks and the like may be made of wire or
other filament structures that provide sufficient strength to
route the cables, but also allow the tube 904 to bend and
compress.

I0086. In some exemplary embodiments, it also may be
desirable to incorporate structures with the flexible tube that
decouple the behavior (e.g., motion and/or stiffening) of a
proximal segment and a distal segment. In this way, when an
articulable distal segment is bent and/or stiffened by a force
transmission element that also passes through one or more
proximal segments, the resulting force that is transmitted to a
proximal segment can be reduced. Likewise, structures that
decouple the motion between proximal and distal segments
can also reduce unintended motion of distal segments based
on motion of one or more proximal segments. In the exem
plary embodiment illustrated in FIGS. 11 and 11A-11C, the
tube 904 includes flexible, substantially incompressible
sheaths 940 that extend along an interior wall of the base
structure 905 and segment 906 of the tube 904. Cables that
actively control a segment (e.g., 906 and/or 907) can be
routed through the sheaths 940. Thus, for example, the cables
931 that are actuated to actively bend or stiffen segment 907
are routed through sheaths 940 in base structure 905 and in
segment 906, and the cables 932 that are actuated to actively
control segment 906 are routed through sheaths 940 in base
structure 905. The sheaths 940 are separated from the interior
wall of the tube 904 and tubular base structure 905, and are

attached (e.g., welded, bonded, or otherwise secured) thereto
at their distal ends via end caps 942. Consequently, the
sheaths 940 can carry the compressive load that is exerted by
actuation of the cables 931, 932 to control (e.g., bend or
stiffen) a more distal flexible segment. By routing the cables
931 and 932 through the substantially incompressible sheaths
940, the actuation of the cables 931 and 932 will not transmit

substantial force to the base structure 905 and the segment
906 of tube 904 to which the sheaths 940 are attached, as the

sheaths 940 will tend to carry that force instead. This can
avoid, for example, undesirable stiffening of the segment 906
due to the compressive loading from the actuation of cables
931 and 932.

I0087. In various exemplary embodiments, the sheaths 940
can comprise a coil tube, a partially laser cut hypotube (e.g.,
sufficient to provide flexibility in bending yet remain substan
tially incompressible), a helical hollow strand bundle of rela
tively stiff wire, a plastic tube, and other structures that are
flexible but sufficiently incompressible so as to achieve
decoupling of the transmission of the force from force trans
mission elements, such as, for example, cables 931 and 932,
routed therethrough. As shown in FIG. 11, routing members
941 may be disposed to receive the cables 931 and 932 once
they emerge from the sheaths 940 into segments that are
actively controlled by the respective cables.
I0088. In use, the active, flexible tube 904 is placed in the
flexible, bending state by actively applying a tension (e.g.,
indicated as Tand T in FIG. 11) to selected cables 931,931',
931",932,932', and/or 932" (e.g., as the surgical device 900
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is navigated through a natural lumen). As illustrated in FIG.
11, applying a tensionT on cable 931 will cause segment 907
to bend in a counterclockwise direction (as viewed), while
applying a tension T on cable 932 will cause segment 906 to
bend in a clockwise direction (as viewed). As would be under
stood by those of ordinary skill in the art, upon application of
a bending moment (e.g., via an internal cable Such as 931,
931', 931", 932, 932', and/or 932"), the tube 904 will bend
until it reaches a stop. In other words, as illustrated in FIG. 5B
with regard to slits 321, at least some of the slits 921 on an
outer bend radius of the tube 904 may open such that oppos
ing Surfaces defining a respective slit are spaced apart from
each other. In various embodiments, for example, upon maxi
mum bending of the tube 904, the slits 921 on an outer bend
radius of the tube 904 may open such that opposing surfaces
defining a respective slit are spaced apart from each other
about twice as much as when the tube 904 is in a relaxed (i.e.,
unbent or passively flexible) state. In this manner, the tube
904 may bend until the slits 921 on an inner bend radius of the
tube 904 are fully constricted such that the opposing surfaces
defining those slits 921 are in contact with, and in some cases
pressed against, each other.
0089. As would be understood by those of ordinary skill in
the art, in various additional embodiments, to further bend the

tube 904 after it reaches a stop at which the opposing surfaces
defining the slits contact each other, an additional active force
may be applied to the tube using a compression member that
can apply a force Sufficient to further expand and space apart
the opposing surfaces of the slits on the outer bend radius of
the tube, while causing the opposing Surfaces of the slits on
the inner bend radius of the tube to pivot about each other at
an inner most contact edge. FIG. 14A shows a cross-sectional
view of an exemplary embodiment of an active flexible tube
1904 or segment thereof that includes flexible rods 1935 and
1936 (e.g., which can act as push rods or pull rods as
described below) for controlling the bending of the tube 1904.
As with the tension elements described above, the rods 1935

and 1936 can be first received through sheaths 1940 and then
through routing members 1941, such as the various sheaths
and routing members that have been described herein. To
bend the tube 1904 in a clockwise direction (as viewed), a
tension force T, can be applied to the rod 1936, which can
cause the tube 1904 to bend until the opposing surfaces defin
ing the slits 1921 on the inner bend radius of the tube 1904
press against each other (e.g., as described with reference to
FIG. 5B). To further bend the tube 1904 past the stop limit
associated with pulling the rod 1936, a compressive force C.
can be applied to the push rod 1935 along the outer bend
radius of the tube 1904. This may further bend the tube 1904
Such that the spacing between the opposing Surfaces of the
slits 1921 on an outer bend radius of the tube gets larger than
the spacing that occurs as a result of pulling on rod 1936 alone
(e.g., larger than that in FIG. 5B). In addition, the further
bending also can result in the opposing Surfaces of the slits
1921 on an inner bend radius 1926 of the tube pivoting rela
tive to each other about an innermost contact edge. For
example, as depicted in the schematic representations of
FIGS. 14B and 14C of a slit 1921 on an inner bend radius I of

the tube 1904, the opposing surfaces 1927, 1928 defining the
slit 1921 are in contact with each other as a result of actuation

of the tension element 1930, as shown in FIG. 14B. Further

bending of the tube via a compression element (e.g., pushing
on rod 1935) causes the opposing surfaces 1927, 1928 of the
slit 1921 to pivot about an innermost contact edge upon actua

tion of the push rod 1935, as depicted in the schematic rep
resentation of FIG. 14C, thereby creating an opening between
the opposing surfaces 1927, 1928 on the inner bend radius
1926 at least along an interior of the wall of the tube.
(0090. In various exemplary embodiments, the rods 1935,
1936, or other compression elements, are sufficiently rigid to
withstand a compressive force that can be transmitted to the
flexible, tube, yet sufficiently flexible to permit bending of the
compression element with the bending of the tube. Also,
although the exemplary embodiment of FIG. 14A illustrates
compression elements (rods 1935, 1936) disposed along an
interior of the tube 904, one or more compression elements
could be disposed along an exterior of the tube. Further com
pression elements and tension elements may be used in com
bination in various exemplary embodiments to control the
bending/stiffening of the tube.
(0091. With reference again to FIG. 11, the active, flexible
tube 904 is placed in the stiffened state by applying tensionT
(i.e., wherein T and T have the same tensionT) to all of the
actuation cables 931,931',931",932, 932', 932" (e.g., once
the end effector 910 is located at a work site). As above, in the
stiffened state, the tube 904 is compressed along the longitu
dinal axis to constrict the slits 921 so that opposing slit sur
faces contact each other, and, for example, press against each
other (e.g., in a manner similar to that shown in FIGS. 5C and
5D). Accordingly, the stiffened state of the tube 904 can
provide a stable base for operation of the end effector 910 by
preventing or Substantially minimizing bending of the tube
904.

0092. As shown in the schematic representation of FIG.9,
in various embodiments, a Surgical device may further com
prise an actuation mechanism 930 to actuate the one or more
force transmission elements (e.g., cables in the embodiment
of FIGS. 9 and 11), thereby altering the active, flexible tube
904 between flexible and stiffened states. In various exem

plary embodiments, the actuation mechanism 930 acts as a
transmission that converts torques applied by drive motors
(i.e., actuators) into forces in respective cables such as cables
931,931',931",932,932', and 932". In various embodiments,

for example, the actuation mechanism 930 can be the same as
the actuation mechanism 330 described above for FIG. 6.

Accordingly, details of the actuation mechanism 930 are not
reiterated here. In various additional embodiments, the Sur

gical device 900 may include a sensor, Such as, for example,
an optical fiber 933. As shown in FIG. 9, fiber 933 may be
routed through the instrument 900 so that fiber 933's distal
end terminates, for example, at or near the distal end of the
tube 904. Accordingly, the configuration of each segment 906
and 907 can be determined, for example, by sensing the
relative position and/or orientation of a tip portion (i.e., distal
end) relative to a base portion (i.e., proximal end) of a fiber
segment within each segment 906 and 907. Those of ordinary
skill in the art would understand, however, that Surgical
device 900 is exemplary only and not intended to limit the
present teachings and claims. Accordingly, aspects of the
present teachings can be embodied in various Surgical devices
and/or instruments, such as, for example, cannula systems
and guide tubes for other Surgical instruments, as well as for
tissue manipulating instruments themselves. Furthermore, in
various embodiments, tube 904 may comprise various types
(i.e., passive and active), numbers, and/or configurations of
continuously flexible bending segments like 906 and 907
depending on the Surgical application employed. For
example, in various embodiments, segments 906 and 907 are
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each actively flexed by one or more (e.g., three in the exem
plary embodiment described above) cables respectively. In
another exemplary embodiment, the flexible tube could have
three separately controlled segments with the most proximal
and distal segments being active, flexible segments via one or
more force transmission elements (e.g., three cables each to
provide three DOF movement), and a middle segment being
a passive, flexible segment. In an exemplary embodiment, the
passively flexible segment may include a single, tension ele
ment along a centerline thereof to place it in a stiffened State
if desired. The preceding descriptions of the numbers and
types of segments of a slitted flexible tube are exemplary only
and not intended to limit the scope of the present teachings or
claims; various additional embodiments are contemplated
and those having ordinary skill in the art would understand
how to make modifications based on the teachings herein in
order to provide a Surgical device Suitable to a desired appli
cation. Moreover, as those of ordinary skill in the art would
understand, an actively flexible segment, when not actuated
by its associated sources of force, can be passively flexible.
0093. In various additional exemplary embodiments, the
disclosure relates to methods for altering a Surgical device
comprising a slitted flexible tube between stiffened and flex
ible states as described herein. FIG. 12, for example, shows a
logic flow diagram depicting an exemplary method for a
surgical device having the basic structure of device 900 of
FIG. 9. As shown at step 400 of FIG. 12, a command is
received, for example, from a control system (e.g., 355, FIG.
6), to place a Surgical instrument tube (e.g., tube 904) in a
stiffened state. At step 402, the tube is longitudinally com
pressed. As discussed above with reference to FIGS. 5C and
5D, longitudinally compressing the tube causes opposing
surfaces of slits (e.g., slits 921) in the tube to contact one
another, thereby preventing or Substantially minimizing
bending of the tube.
0094. As shown at step 404 of FIG. 12, a command is then
received to place the tube in a flexible state, and the tube is
relaxed (i.e., the longitudinal compression on the tube is
reduced), as indicated by the last step, 406. As discussed
above with reference to FIGS.5A and 5B, reducing the lon
gitudinal compression on the tube allows the opposing Sur
faces of the slits to separate from one another, thereby per
mitting the tube to bend. In the flexible state, for example, the
tube may passively bend upon external forces acting thereon,
Such as, for example, when the Surgical instrument tube
encounters a wall of the lumen and/or may actively bend upon
actuation of one or more force transmission elements associ
ated with the tube.

0.095. In various embodiments, to alter the tube between
the stiffened and flexible states, the method may further com
prise transmitting an actuation input to one or more force
transmission elements associated with the tube, as described

herein. In various embodiments, transmitting an actuation
input to a force transmission element may comprise transmit
ting the actuation input to a plurality of cables (e.g., cables
931,931',931". 932, 932', and/or 932") associated with the
tube. As discussed above with reference to FIG. 6, for

example, in various embodiments, the tube may be longitu
dinally compressed by actuating the cables to provide a base
pretension force; and the tube may be relaxed (i.e., the lon
gitudinal compression on the tube may be reduced) by back
driving the cables to overcome the base pretension force. In

an exemplary embodiment, an actuation mechanism Such as
that shown in FIG. 6 may be used to actuate the one or more
force transmission elements.

0096. In various additional embodiments, as illustrated in
FIG. 13, the method may further utilize shape sensing tech
nology to actively control the bending of the tube. As shown,
for example, at step 500 of FIG. 13, once a command to place
the tube in a flexible state is received, the configuration of the
tube can be measured. Such as by measuring position and/or
orientation of the tip (i.e., distal end) relative to the base (i.e.,
proximal end) of the tube. At step 502, a command that
indicates the desired configuration of the tube (e.g., for a
location at which a force transmission element is anchored)
can be received, for example via a controller. At step 504, the
controller can then determine an actuation input necessary to
bend the tube from the measured configuration to the desired
configuration, and that input can be transmitted to a force
transmission element associated with the tube, as indicated by
the last step, 506 of FIG. 13. As discussed above, a surgical
device may implement various shape sensing technologies as
disclosed, for example, in U.S. patent application Ser. No.
12/490,487 and U.S. Pat. No. 7,720,322 B2, the entire con

tents of which are incorporated by reference herein. It is,
therefore, within the ability of one skilled in the art to selectan
appropriate method and control system for sensing and con
trolling the configuration of the tube, including for example,
interrogating a sensor to generate position? orientation infor
mation about the tube and then, based on that information,

controlling an actuator to control a force (e.g., tension or
compression) on force transmission elements to thereby relax
and/or stiffen the tube as desired in the manner explained
above and as would be understood by those having ordinary
skill in the art in light of the present teachings.
0097 Although various exemplary embodiments shown
and described herein relate to Surgical devices comprising
either passive, flexible tubes interconnected by joints, or
active, continuously flexible tubes that can be used alone to
replace a bendable serial link structure, those having ordinary
skill in the art would understand that the slitted tubes

described herein may have a broad range of application. In
various embodiments, for example, as would be understood
by those of ordinary skill in the art, tension elements may be
attached to a flexible tube in a serial link structure such that

tension on the tension elements may act directly on the tube
(i.e., to actively bend the tube upon activation of one or more
tension elements). In various additional embodiments, con
tinuously flexible tubes (e.g., used to replace a serial link
structure) can be modulated between active and passive
states. As those of ordinary skill in the art would understand,
for example, an actively flexible tube, when not actuated by
its associated internally originating sources of force, may be
passively flexible. Accordingly, in various embodiments, a
Surgical device may be configured (e.g., via a control system)
to modulate between active and passive states by turning
cable activation forces on and off.

0098. Furthermore, although various exemplary embodi
ments shown and described herein relate to Surgical devices
used for minimally invasive procedures, those having ordi
nary skill in the art would understand that the structures and
methods described may have a broad range of application to
Surgical devices, robotic and non-robotic, useful in a variety
of applications for which both flexibility and rigidity are
desired. Those having ordinary skill in the art would under
stand how to modify the exemplary embodiments described
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herein to provide surgical devices that can be varied between
flexible and stiffened States for many types of Surgical proce
dures.

1.-20. (canceled)
21. A Surgical device comprising:
a tube including a proximal segment and a distal segment;
a plurality of force transmission elements coupled to the
tube and actuatable to alter the distal segment of the tube
between a flexible state and a stiffened state;

a plurality of routing members, each routing member
coupled to a wall of the tube, the routing members con
figured to receive and route the force transmission ele
ments along a length of the tube while permitting the
length of the tube to flex and compress; and
a decoupling structure that generates a reduced force trans
mitted to the proximal segment when an applied force is
applied to the distal segment by the force transmission
elements.

22. The surgical device of claim 21 wherein the decoupling
structure includes a sheath through which one of the plurality
of routing member extends.
23. The surgical device of claim 22 wherein the sheath is
Substantially incompressible.
24. The surgical device of claim 22 wherein the sheath is
less compressible than the tube.
25. The surgical device of claim 22 wherein a distal end of
the sheath is secured to the distal segment.
26. The surgical device of claim 22 wherein the sheath
extends along and is spaced apart from the proximal segment.
27. The surgical device of claim 22 wherein the sheath
comprises a coil tube.
28. The surgical device of claim 22 wherein the sheath
comprises a laser cut hypotube.
29. The surgical device of claim 21 wherein the plurality of
routing members are coupled to the wall of the tube distally of
the decoupling structure.
30. The surgical device of claim 21 wherein the tube
includes a plurality of slits generally transverse to a longitu
dinal axis of the tube.

31. The surgical device of claim 21 wherein in the stiffened
elements causes the tube to straighten and compress along a
longitudinal axis of the tube.
32. A Surgical device comprising:
a tube including a proximal segment and a distal segment;
a plurality of force transmission elements coupled to the
tube and actuatable to alter the distal segment of the tube

state of the tube, a force exerted on the force transmission

between a flexible state and a stiffened state, wherein in
the stiffened state a force exerted on the force transmis

sion elements causes the tube to straighten and compress
along a longitudinal axis of the tube;
a plurality of routing members, each routing member
coupled to a wall of the tube, the routing members con
figured to receive and route the force transmission ele
ments along a length of the tube while permitting the
length of the tube to ties and compress; and
a decoupling structure that decouples a force applied to one
of the proximal or distal segments from the other of the
proximal or distal segment.
33. The surgical device of claim 32 wherein the decoupling
structure includes a sheath through which one or the plurality
of routing member extends.
34. The surgical device of claim 33 wherein the sheath is
Substantially incompressible.
35. The surgical device of claim 33 wherein the sheath is
less compressible than the tube.
36. The surgical device of claim 33 wherein a distal end of
the sheath is secured to the distal segment.
37. The surgical device of claim 33 wherein the sheath
extends along and is spaced apart from the proximal segment.
38. The surgical device of claim 32 wherein the plurality of
routing members are coupled to the wall of the tube distally of
the decoupling structure.
39. The surgical device of claim 32 wherein the tube
includes a plurality of slits generally transverse to a longitu
dinal axis of the tube.

40. The surgical device of claim 32 wherein the decoupling
structure decouples a beading force applied to the one of the
proximal or distal segments from the other of the proximal or
distal segment.

