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APPARATUS AND METHOD FOR
ENDOSCOPIC COLECTOMY

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation application of
U.S. patent application Ser. No. 15/220,174 (filed Jul. 26,
2016; currently pending); which is a continuation applica-
tion of U.S. patent application Ser. No. 14/199,220 (filed
Mar. 6, 2014; now U.S. Pat. No. 9,421,016), which is a
continuation application of U.S. patent application Ser. No.
13/729,602 (filed Dec. 28, 2012; now U.S. Pat. No. 8,696,
694), which is a divisional application of U.S. patent appli-
cation Ser. No. 12/027,739 (filed Feb. 7, 2008; now U.S. Pat.
No. 8,361,090 B2), which is a divisional application of U.S.
patent application Ser. No. 10/327,370 (filed Dec. 20, 2002,
now U.S. Pat. No. 7,338,505 B2), which claims the benefit
of priority of U.S. Provisional Patent Application No.
60/347,674 (filed Jan. 9, 2002), which are all incorporated
herein by reference in their entirety.

FIELD OF THE INVENTION

[0002] The present invention relates generally to surgical
methods and apparatus. More particularly, it relates to
methods and apparatus for performing endoscopic colec-
tomy.

BACKGROUND OF THE INVENTION

[0003] Endoscopy studies the intraluminal aspects of hol-
low organs of the upper and lower intestine including the
esophagus, stomach and the colon through cannulation of
the lumen via the mouth or anus. Endoscopic polypectomy
is presently limited to a submucosal resection. The endos-
copist is often unable to completely resect a sessile polyp or
lesion and therefore the patient is subjected to subsequent
definitive surgery, i.e. resection of the base of the tumor.
Endoscopic polypectomy can be used to debulk sessile
masses but it is unable to resect mural disease. Incomplete
resection of a sessile polyp may destroy the biopsy specimen
and alter the relationship of the gross specimen given to the
pathologist thereby resulting in the pathologist possibly
providing incorrect or incomplete study results. The endos-
copist is also unable to correct uncommon, but life threat-
ening, procedural complications such as perforations. Other
cases where resection is required are invasive tumors, per-
foration from different causes, inflammatory bowel disease,
diverticulosis and others.

[0004] Surgical approaches for resecting diseased tissue
are largely practiced by making large laparotomy incisions
or using minimally invasive techniques such as laparoscopic
surgery in which tissues are resected and repaired through
small incisions.

[0005] There are numerous surgical devices enabling sur-
geons to resect diseased tissue and subsequently anastomose
remaining tissue either through a conventional incision or
using a laparoscope and making one or more relatively small
incisions. Additionally, endoscopically assisted stapling
devices are known which enable surgeons to remotely
anastomose lumenal structures such as the bowel. Endo-
scopically assisted bowel anastomosis nevertheless typically
requires extralumenal assistance via a traditional laparotomy
incision or use of a laparoscope.
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[0006] Trends in surgery are towards minimally invasive
procedures as evidenced by developments including lapa-
roscopic cholecystectomy, laparoscopic appendectomy and
laparoscopically assisted partial colectomies and hemia
repairs. All of these minimally invasive procedures involve
introducing a laparoscope through the abdominal wall and
creating other associated openings to gain access to the
peritoneal cavity in order to perform the necessary surgical
procedure. Typically, general anesthesia is required. Endo-
scopically possible procedures include polypectomy, muco-
sectomy, and cauterization. During “laparoscopic colec-
tomy” today the colon is separated from its omentum
laparoscopically and then the colon is exteriorized out of the
abdominal cavity, through a laparotomy incision where the
resection and anastomosis are performed extracorporeally.
[0007] Disadvantages of the laparoscopic method include
the need to traverse the abdominal wall, increased operating
time secondary to the lack of exposure for the procedure and
possibly the need to convert to an “open” laparotomy in the
course of performing the procedure.

[0008] Present stapling techniques in surgery are for the
most part functionally adequate but limited. Devices exist
including the GIA and EEA staplers which can be used to
transect tissue in a linear or circular fashion, respectively,
with subsequent anastomosis with staples. The linear GIA is
relatively versatile. The EEA is primarily suited for lower
colonic circular anastomosis after a lesion has been surgi-
cally removed (via laparotomy or laparoscopically) or dur-
ing a colostomy takedown procedure.

[0009] The rigid post of the EEA stapler severely limits its
use, as well as requiring that an open procedure be utilized.
The steerable endoscopic stapler is useful in allowing for
more bowel accessibility; however, it remains dependent
upon transabdominal surgical exposure prior to utilization.
While laparoscopic surgical instruments have been used for
bowel anastomosis, in such procedures the bowel is exteri-
orized through the laparoscopic incision and anastomosed
extracorporeally or in an augmented stapled side-to-side
fashion.

[0010] U.S. Pat. Nos. 5,868,760 and 6,264,086 describe a
method and apparatus for performing endolumenal resection
of tissue, in particular for removal of diseased portions of a
patient’s colon. This purely endolumenal approach to colos-
tomy does not fully address the surgical anatomy of the
colon. As is well known, the colon and other viscera are
connected and supported within the abdomen by the omen-
tum, a membranous extension of the peritoneum that carries
the blood supply to the colon. Resection of more than a small
portion of the colon requires mobilization of the colon from
the omentum and ligation or cauterization of the blood
vessels supplying that portion ofthe colon. This aspect is not
addressed by the endolumenal approach described; therefore
it would be suitable for resecting only small portions of the
colon.

[0011] Commonly owned and copending U.S. patent
application Ser. No. 09/790,204 filed Feb. 20, 2001 (now
U.S. Pat. No. 6,468,203); Ser. No. 09/969,927 filed Oct. 2,
2001; and Ser. No. 10/229,577 filed Aug. 27, 2002, describe
steerable colonoscopes that uses serpentine motion to facili-
tate rapid and safe insertion of the colonoscope into a
patient’s colon. The technology described therein can also
be used in conjunction with the methods and apparatus of the
present invention to facilitate endoscopic colectomy or
resection of any other part of the gastrointestinal system
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including, but not limited to, the esophagus, duodenum,
jejunum and ileum or any other tubular organ like the
bronchus. These patents and patent applications, and all
other patents and patent applications referred to herein, are
hereby incorporated by reference in their entirety.

SUMMARY OF THE INVENTION

[0012] In keeping with the foregoing discussion, the pres-
ent invention takes the form of methods and apparatus for
performing endoscopic colectomy that combine the advan-
tages of the laparoscopic and endolumenal approaches. The
diseased portion of the colon to be resected is identified
using either laparoscopic and/or colonoscopic techniques or
using another imaging modality. A colectomy device
mounted on a colonoscope grasps the colon wall at two sites
adjacent to a diseased portion of the colon. Using laparo-
scopic techniques, the diseased portion of the colon is
separated from the omentum and the blood vessels supply-
ing it are ligated or cauterized. The colon wall is transected
to remove the diseased portion and the excised tissue is
removed using the laparoscope or drawn into the colectomy
device for later removal upon withdrawal of the colono-
scope. The colectomy device approximates the two ends of
the colon and performs an end-to-end anastomosis. If the
part to be resected is a tumor, prior to the resection, the edges
of the segment to be resected will be stapled to sad it and
prevent spillage of malignant cells to the healthy tissue.
[0013] The methods and apparatus of the present invention
provide a number of benefits not realized by the prior art
approaches to colectomy. As stated above, the purely
endolumenal approach does not provide for separation of the
colon from the omentum, which is necessary when resecting
more than just a small portion of the colon wall. By
combining laparoscopic techniques with a colonoscope-
mounted colectomy device, the present invention overcomes
this deficiency in the prior art allowing a more comprehen-
sive approach to colectomy. Unlike prior art laparoscopic
techniques, however, the colon does not need to be exteri-
orized for excision of the diseased portion or anastomosis of
the remaining colon. The colonoscope-mounted colectomy
device approximates the ends of the colon and performs an
anastomosis from the interior of the lumen of the colon. The
excised tissue can be drawn into the colectomy device for
removal through the lumen of the colon along with the
colonoscope or can be taken out by the laparoscope, which
can be done through a very small incision in the patient’s
skin. The prior art approach also does not protect from
leaking of malignant cells to the periphery. This idea will
enable sealing of the tissue with staples at its ends to prevent
such leakage. Optionally. it will be done with the help of a
laparoscopic device that will serve as an anvil. Unlike the
prior art procedure, the present invention will optionally use
a balloon inflated in the lumen of the colon or any other
resected organ before stapling, and by this assure the anas-
tomosis will be ideal with the best possible approximation of
the edges.

[0014] The use of colonoscopic techniques in the present
invention provides another benefit not realized by a purely
laparoscopic approach. Since colonoscopic examination is at
present the most definitive diagnostic method for identifying
diseases of the colon, locating the lesions through the
exterior of the colon by laparoscopy or even by direct
visualization can be somewhat problematic. Using the
colonoscope to identify and isolate the diseased portion of
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the colon from within the lumen helps assure that the correct
portions of the colon wall are excised and makes clean
surgical margins without residual disease more assured as
well.

[0015] In a preferred embodiment, the present invention
utilizes a steerable colonoscope as described in U.S. patent
application Ser. No. 09/790,204 (now U.S. Pat. No. 6,468,
203); Ser. No. 09/969,927; and Ser. No. 10/229,577, which
have been incorporated by reference. The steerable colono-
scope described therein provides a number of additional
benefits for performing endoscopic colectomy according to
the present invention. The steerable colonoscope uses ser-
pentine motion to facilitate rapid and safe insertion of the
colonoscope into the patient’s colon, which allows the
endoscopic colectomy method to be performed more quickly
and more safely. Beyond this however, the steerable colono-
scope has the capability to create a three-dimensional math-
ematical model or map of the patient’s colon and the
location of any lesions identified during the initial exami-
nation. Lesions found during a previous examination by CT,
MRI or any other imaging technology can also be mapped
onto the three-dimensional mathematical model of the
colon. By generating a three-dimensional map of the colon,
the system knows where each part of the endoscope is in the
colon and will be able to localize the two parts of the
dissecting and stapling system exactly in the desired loca-
tion. During surgery, this information can be used to quickly
and accurately return the colonoscope to the location of the
identified lesions where the colonoscope-mounted colec-
tomy device will be used to complete the endoscopic colec-
tomy procedure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 11is a phantom drawing illustrating a diseased
portion of the colon being separated from the omentum
using laparoscopic techniques through a small incision in a
patient’s abdomen.

[0017] FIG. 2is a cutaway drawing illustrating a steerable
colonoscope with a colectomy device mounted thereon
being inserted through the lumen of a patient’s colon.
[0018] FIG. 3 is a cutaway drawing showing the gripping
mechanism of the colonoscope-mounted colectomy device
expanded within the lumen of the colon.

[0019] FIG. 4 illustrates the colon after the diseased por-
tion has been excised and removed with the colonoscope-
mounted colectomy device in position to approximate the
transected ends of the colon.

[0020] FIG. 5 illustrates the colonoscope-mounted colec-
tomy device performing an end-to-end anastomosis to com-
plete the endoscopic colectomy procedure.

[0021] FIG. 6 shows a first embodiment of the steerable
endoscope of the present invention.

[0022] FIG. 7 shows a second embodiment of the steerable
endoscope of the present invention.

[0023] FIG. 8 shows a wire frame model of a section of the
body of the endoscope in a neutral or straight position.
[0024] FIG. 9 shows the wire frame model of the endo-
scope body shown in FIG. 8 passing through a curve in a
patient’s colon.

[0025] FIG. 10 shows a representative portion of an alter-
native endoscopic body embodiment having multiple seg-
ments interconnected by joints.
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[0026] FIG. 11 shows a partial schematic representation of
the embodiment of FIG. 10 showing two segments being
pivotable about two independent axes.

[0027] FIG. 12 shows a preferable endoscope embodiment
having motorized segmented joints.

[0028] FIGS. 13A-13B show exploded isometric assem-
bly views of two adjacent segments and an individual
segment, respectively, from the embodiment shown in FIG.
12.

[0029] FIG. 14 shows a variation of the tendon driven
endoscope of the present invention.

[0030] FIG. 15A shows the range of motion of a control-
lable segment of the present invention actuated by three
tendons.

[0031] FIGS. 15B to 15F show the use of three tendons to
actuate a controllable segment used in the endoscope of the
present invention.

[0032] FIGS. 16A and 16B show the use of two tendons to
actuate a controllable segment in the endoscope of the
present invention.

[0033] FIGS. 16C and 16D show the use of four tendons
to actuate a controllable segment in the endoscope of the
present invention.

[0034] FIG. 17 shows a partial schematic representation of
a single tendon bending a segment.

[0035] FIGS. 18A and 18B show an end view and a side
view, respectively, of a vertebra-type control ring which may
be used to form the controllable segments of the endoscope
of the present invention.

[0036] FIG. 18C shows a side view of interconnected
vertebra-type control rings used to form the controllable
segments of the endoscope of the present invention.
[0037] FIGS. 18D and 18E show a side view and a
perspective view, respectively, of another embodiment of a
vertebra-type control ring.

[0038] FIG. 19A shows a perspective view of an endo-
scope device variation with the outer layers removed to
reveal the control rings and backbone.

[0039] FIG. 19B shows an end view of a variation of the
control ring for an endoscope of the present invention.
[0040] FIGS. 20A to 20C illustrate advancing the tendon
driven endoscope of the present invention through a tortuous
path.

[0041] FIG. 21 shows a variation of the tendon driven
endoscope of the present invention that has segments of
differing diameters.

[0042] FIG. 22 shows a variation of the tendon-driven
endoscope of the present invention that has segments of
different length.

DETAILED DESCRIPTION OF THE
INVENTION

[0043] FIG. 2 is a cutaway drawing illustrating a steerable
colonoscope 100 with a colectomy device 102 mounted
thereon being inserted through the lumen of a patient’s
colon. As mentioned before, the same technique may apply
for every other tubular shaped organ. Preferably, the steer-
able colonoscope 100 is constructed as described in U.S.
patent application Ser. No. 09/790,204 (now U.S. Pat. No.
6,468,203); Ser. No. 09/969,927 (now U.S. Pat. No. 6,610,
007); and Ser. No. 10/229,577 (now U.S. Pat. No. 6,858,
005), with multiple articulating segments that are controlled
to move with a serpentine motion that facilitates insertion
and withdrawal of the colonoscope with a minimum of
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contact and stress applied to the colon walls. Additional
details and various embodiments of the steerable colonscope
100 are described below with reference to FIGS. 6-22. In
addition, the control system of the steerable colonoscope
100 has the capability to construct a three-dimensional
mathematical model or map of the colon as it advances
through lumen under control of the operator. The three-
dimensional mathematical model of the colon and the loca-
tion and nature of any lesions identified in the course of an
initial colonoscopic examination can be stored and used in
performance of the endoscopic colectomy procedure. In
alternate embodiments, the colectomy device 102 of the
present invention may be mounted on a colonoscope of a
different design and construction.

[0044] The colectomy device 102 can be permanently or
removably mounted on the steerable colonoscope 100. The
colectomy device 102 has a distal component 104 and a
proximal component 106. The distal component 104 and the
proximal component 106 each have an expandable member
108 and a gripping mechanism 110 for gripping the wall of
the colon. The expandable member 108 may be an inflatable
balloon or a mechanically expandable mechanism. The
gripping mechanism 110 may comprise a plurality of cir-
cumferentially located ports within which attachment points
112, e.g., needles, hooks, barbs, etc., may be retractably
positioned about an exterior surface of the expandable
member 108. Alternatively, the gripping mechanism 110
may utilize a vacuum gripper through a plurality of circum-
ferentially located ports around the distal component 104
and/or the proximal component 106 or other known gripping
mechanisms In the case of the vacuum gripper, gripping
mechanism 110 is in fluid communication through the ports
and through the colonoscope 100 to the proximal end of the
colonoscope 100 to a vacuum pump (not shown). At least
one, and optionally both, of the distal component 104 and
the proximal component 106 are movable longitudinally
with respect to the body of the steerable colonoscope 100.
Rails, grooves or the like 114 may be provided on the body
of the steerable colonoscope 100 for guiding the longitudinal
movement of the distal component 104 and the proximal
component 106.

[0045] In addition, the colectomy device 102 includes a
surgical stapler 116 or other anastomosis mechanism. The
surgical stapler 116 is carried on either the distal component
104 or the proximal component 106 and a stapler anvil 118
is carried on the other of these components. The surgical
stapler 116 may be configured similarly to any number of
conventional stapling devices which are adapted to actuate
staples into tissue. Another option is that there is a stapler
and an anvil on both components for stapling and sealing the
edges. Optionally, the colectomy device 102 may include a
cutting device and/or electrocautery and/or a laser device for
transecting the colon wall. Optionally, the colectomy device
102 may also include a vacuum mechanism or the like for
drawing the excised tissue into the colectomy device 102 for
later removal along with the steerable colonoscope 100.

[0046] FIG. 2 shows the steerable colonoscope 100 with
the expandable members 108 of the distal component 104
and the proximal component 106 in a contracted or deflated
condition for easy passage through the lumen of the patient’s
colon. The control system of the steerable colonoscope 100
monitors the position of each segment of the colonoscope
100 as it is advanced within the colon and can signal to the
operator when the segments carrying the distal component
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104 and the proximal component 106 of the colectomy
device 102 are cotrectly positioned with respect to a previ-
ously detected lesion in the colon. Alternatively, the control
system of the steerable colonoscope 100 can be programmed
to advance the colonoscope 100 automatically through the
lumen of the colon and to stop it when the distal component
104 and the proximal component 106 of the colectomy
device 102 are correctly positioned with respect to the lesion
in the colon. Alternatively, the control system will be able to
automatically guide and deliver the two components to the
desired location after the colonoscope has been inserted to
the colon.

[0047] FIG. 3 is a cutaway drawing showing the expand-
able members 108 of the distal component 104 and the
proximal component 106 of the colonoscope-mounted
colectomy device 102 expanded within the lumen of the
colon so that the gripping mechanism 110 grips the wall of
the colon. The distal component 104 and the proximal
component 106 may be expanded through any number of
expansion devices. For instance, they may be radially
expanded upon spoke-like support structures or they may be
configured to radially expand in a rotational motion until the
desired expansion diameter is attained. At this point, with
the diseased portion of the colon identified and isolated by
the colonoscope-mounted colectomy device 102, the dis-
eased portion is separated from the omentum and the blood
vessels supplying it are ligated and/or cauterized using
laparoscopic techniques. FIG. 1 is a phantom drawing
illustrating a diseased portion of the colon being separated
from the omentum using laparoscopic techniques through a
small incision in a patient’s abdomen.

[0048] Next, the diseased portion of the colon is excised
by transecting the colon at the proximal and distal end of the
diseased portion. The colon may be transected using lapa-
roscopic techniques or using a cutting mechanism and/or
electrocautery device mounted on the colectomy device 102.
The excised tissue is removed using the laparoscope or
drawn into the colectomy device 102 for later removal upon
withdrawal of the steerable colonoscope 100. FIG. 4 illus-
trates the colon after the diseased portion has been excised
and removed with the colonoscope-mounted colectomy
device 102 in position to approximate the transected ends of
the colon.

[0049] The remaining ends of the colon are approximated
one to the other by moving the distal component 104 and/or
the proximal component 106 longitudinally with respect to
the body of the steerable colonoscope 100, as shown by the
arrows. Optionally, the proximal component 106 may be
longitudinally translated towards the distal component 104
or both components 104, 106 may be approximated simul-
taneously towards one another. The ends of the colon are
stapled to one another to create an end-to-end anastomosis
120 using the surgical stapler 116 and stapler anvil 118 on
the colectomy device 102. Once the ends of the tissue have
been approximated, staples or other fastening devices, e.g,,
clips, screws, adhesives, sutures, and combinations thereof,
etc., may be actuated through the surgical stapler 116 such
that they pierce both ends of the tissue against the stapler
anvil 118. FIG. 5 illustrates the colonoscope-mounted colec-
tomy device performing an end-to-end anastomosis 120 to
complete the endoscopic colectomy procedure. Once the
anastomosis 120 is complete, the expandable members 108
of the distal component 104 and the proximal component
106 are deflated or contracted and the steerable colonoscope
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100 and the colectomy device 102 are withdrawn from the
patient’s body. The expanded members will assure a very
accurate end-to-end anastomosis and prevent stenosis that
can happen as a result of inaccurate approximation of the
two ends.

[0050] In an alternative method using the colonoscope-
mounted colectomy device 102, the diseased portion of the
colon may be excised using a cutting device within the
colectomy device 102 after the ends of the diseased portion
have been approximated and anastomosed. The excised
tissue is drawn into the colectomy device 102 and removed
when the steerable colonoscope 100 is withdrawn from the
patient.

[0051] In another alternative method, the colectomy pro-
cedure may be performed entirely from the endolumenal
approach using the colonoscope-mounted colectomy device
102 without laparoscopic assistance. This method would be
particularly advantageous for resection of small portions of
the colon where it may not be necessary to mobilize an
extended portion of the colon from the omentum to achieve
successful approximation and anastomosis. The three-di-
mensional mapping capability of the steerable colonoscope
102 would be used to locate previously identified lesions
without laparoscopic assistance.

[0052] Steerable Colonoscope

[0053] FIG. 6 shows a first embodiment of the steerable
endoscope 100 of the present invention. The endoscope 100
has an elongate body 103 with a manually or selectively
steerable distal portion 105 and an automatically controlled
proximal portion 107. The selectively steerable distal por-
tion 105 can be selectively steered or bent up to a full 180
degree bend in any direction. A fiberoptic imaging bundle
113 and one or more illumination fibers 115 extend through
the body 103 from the proximal end 111 to the distal end
109. Alternatively, the endoscope 100 can be configured as
a video endoscope with a miniaturized video camera, such
as a CCD camera, positioned at the distal end 109 of the
endoscope body 103. The images from the video camera can
be transmitted to a video monitor by a transmission cable or
by wireless transmission. Optionally, the body 103 of the
endoscope 100 may include one or two instrument channels
117, 119 that may also be used for insufflation or irrigation.
The body 103 of the endoscope 100 is highly flexible so that
it is able to bend around small diameter curves without
buckling or kinking. When configured for use as a colono-
scope, the body 103 of the endoscope 100 is typically from
135 to 185 cm in length and approximately 12-13 mm in
diameter. The endoscope 100 can be made in a variety of
other sizes and configurations for other medical and indus-
trial applications.

[0054] A proximal handle 121 is attached to the proximal
end 111 of the elongate body 103. The handle 121 includes
an ocular 124 connected to the fiberoptic imaging bundle
113 for direct viewing and/or for connection to a video
camera 126. The handle 121 is connected to an illumination
source 128 by an Rumination cable 134 that is connected to
or continuous with the illumination fibers 115. A first luer
lock fitting 130 and a second luer lock fitting 132 on the
handle 121 are connected to the instrument channels 117,
119.

[0055] The handle 121 is connected to an electronic
motion controller 140 by way of a controller cable 136. A
steering control 122 is connected to the electronic motion
controller 140 by way of a second cable 138. The steering
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control 122 allows the user to selectively steer or bend the
selectively steerable distal portion 105 of the body 103 in the
desired direction. The steering control 122 may be a joystick
controller as shown, or other known steering control mecha-
nism. The electronic motion controller 140 controls the
motion of the automatically controlled proximal portion 107
of the body 103. The electronic motion controller 140 may
be implemented using a motion control program running on
a microcomputer or using an application-specific motion
controller. Alternatively, the electronic motion controller
140 may be implemented using a neural network controller.
[0056] An axial motion transducer 150 is provided to
measure the axial motion of the endoscope body 103 as it is
advanced and withdrawn. The axial motion transducer 150
can be made in many possible configurations. By way of
example, the axial motion transducer 150 in FIG. 6 is
configured as a ring 152 that surrounds the body 103 of the
endoscope 100. The axial motion transducer 150 is attached
to a fixed point of reference, such as the surgical table or the
insertion point for the endoscope 100 on the patient’s body.
As the body 103 of the endoscope 100 slides through the
axial motion transducer 150, it produces a signal indicative
of the axial position of the endoscope body 103 with respect
to the fixed point of reference and sends a signal to the
electronic motion controller 140 by telemetry or by a cable
(not shown). The axial motion transducer 150 may use
optical, electronic or mechanical means to measure the axial
position of the endoscope body 103. Other possible con-
figurations for the axial motion transducer 150 are described
below.

[0057] FIG. 7 shows a second embodiment of the endo-
scope 100 of the present invention. As in the embodiment of
FIG. 6, the endoscope 100 has an elongate body 103 with a
selectively steerable distal portion 105 and an automatically
controlled proximal portion 107. The steering control 122 is
integrated into proximal handle 121 in the form or one or
two dials for selectively steering the selectively steerable
distal portion 105 of the endoscope 100. Optionally, the
electronic motion controller 140 may be miniaturized and
integrated into proximal handle 121, as well. In this embodi-
ment, the axial motion transducer 150 is configured with a
base 154 that is attachable to a fixed point of reference, such
as the surgical table. A first roller 156 and a second roller 158
contact the exterior of the endoscope body 103. A multi-turn
potentiometer 160 or other motion transducer is connected
to the first roller 156 to measure the axial motion of the
endoscope body 103 and to produce a signal indicative of the
axial position.

[0058] The endoscope 100 may be manually advanced or
withdrawn by the user by grasping the body 103 distal to the
axial motion transducer 150. Alternatively, the first roller
156 and/or second roller 158 may be connected to a motor
162 for automatically advancing and withdrawing the body
103 of the endoscope 100.

[0059] FIG. 8 shows a wire frame model of a section of the
body 103 of the endoscope 100 in a neutral or straight
position. Most of the internal structure of the endoscope
body 103 has been eliminated in this drawing for the sake of
clarity. The endoscope body 103 is divided up into sections
1,2,3...10, etc. The geometry of each section is defined
by four length measurements along the a, b, ¢ and d axes. For
example, the geometry of section 1 is defined by the four
length measurements 1,,,1,,,1,., 1,, and the geometry of
section 2 is defined by the four length measurements 1,,,
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1,p. 1o, 15, etc. Preferably, each of the length measure-
ments is individually controlled by a linear actuator (not
shown). The linear actuators may utilize one of several
different operating principles. For example, each of the
linear actuators may be a self-heating NiTi alloy linear
actuator or an electrorheological plastic actuator, or other
known mechanical, pneumatic, hydraulic or electromechani-
cal actuator. The geometry of each section may be altered
using the linear actuators to change the four length mea-
surements along the a, b, ¢ and d axes. Preferably, the length
measurements are changed in complementary pairs to selec-
tively bend the endoscope body 103 in a desired direction.
For example, to bend the endoscope body 103 in the
direction of the a axis, the measurements 1,,, 1,,, 15, . . .
1,04 would be shortened and the measurements 1,,. 1,,, 1,.
... 1,,,, would be lengthened an equal amount. The amount
by which these measurements are changed determines the
radius of the resultant curve.

[0060] In the selectively steerable distal portion 105 of the
endoscope body 103, the linear actuators that control the a,
b, ¢ and d axis measurements of each section are selectively
controlled by the user through the steering control 122.
Thus, by appropriate control of the a, b, ¢ and d axis
measurements, the selectively steerable distal portion 105 of
the endoscope body 103 can be selectively steered or bent up
to a full 180° in any direction.

[0061] In the automatically controlled proximal portion
107, however, the a, b, ¢ and d axis measurements of each
section are automatically controlled by the electronic motion
controller 140, which uses a curve propagation method to
control the shape of the endoscope body 103. To explain
how the curve propagation method operates, FIG. 9 shows
the wire frame model of a part of the automatically con-
trolled proximal portion 107 of the endoscope body 103
shown in FIG. 8 passing through a curve in a patient’s colon
C. For simplicity, an example of a two-dimensional curve is
shown and only the a and b axes will be considered. In a
three-dimensional curve all four of the a, b, ¢ and d axes
would be brought into play.

[0062] In FIG. 9, the endoscope body 103 has been
maneuvered through the curve in the colon C with the
benefit of the selectively steerable distal portion 105 (this
part of the procedure is explained in more detail below) and
now the automatically controlled proximal portion 107
resides in the curve. Sections 1 and 2 are in a relatively
straight part of the colon C, therefore 1, _,=1,,, and 1,,,
=1,,,. However, because sections 3-7 are in the S-shaped
curved section, 1;,,<l;,, 1,,,<l,,, and 15,<l5, but
.16y 17,57, and 15.>8 . When the endoscope body
103 is advanced distally by one unit, section 1 moves into
the position marked 1', section 2 moves into the position
previously occupied by section 1, section 3 moves into the
position previously occupied by section 2, etc. The axial
motion transducer 150 produces a signal indicative of the
axial position of the endoscope body 103 with respect to a
fixed point of reference and sends the signal to the electronic
motion controller 140. Under control of the electronic
motion controller 140, each time the endoscope body 103
advances one unit, each section in the automatically con-
trolled proximal portion 106 is signaled to assume the shape
of the section that previously occupied the space that it is
now in. Therefore, when the endoscope body 103 is
advanced to the position marked 1', 1,,=1,,, 1,,=1l.,
13,7150 Laa<lagy 1so<Lsps 16a<leps 17,175 15,715, and
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15,715,, and, when the endoscope body 103 is advanced to
the position marked 1", 1, =1,,,1,,=15,, 15,=15,, 14,=14;,
Lso<Lsps L6a<leps 17:<1 75 1527 15s 19,7 10ps and 116,711 05.
Thus, the S-shaped curve propagates proximally along the
length of the automatically controlled proximal portion 107
of the endoscope body 103. The S-shaped curve appears to
be fixed in space, as the endoscope body 103 advances
distally.

[0063] Similarly, when the endoscope body 103 is with-
drawn proximally, each time the endoscope body 103 is
moved proximally by one unit, each section in the automati-
cally controlled proximal portion 107 is signaled to assume
the shape of the section that previously occupied the space
that it is now in. The S-shaped curve propagates distally
along the length of the automatically controlled proximal
portion 107 of the endoscope body 103, and the, S-shaped
curve appears to be fixed in space, as the endoscope body
103 withdraws proximally.

[0064] Whenever the endoscope body 103 is advanced or
withdrawn, the axial motion transducer 150 detects the
change in position and the electronic motion controller 140
propagates the selected curves proximally or distally along
the automatically controlled proximal portion 107 of the
endoscope body 103 to maintain the curves in a spatially
fixed position. This allows the endoscope body 103 to move
through tortuous curves without putting unnecessary force
on the wall of the colon C.

[0065] FIG. 10 shows a representative portion of an alter-
native endoscopic body embodiment 190 which has multiple
segments 192 interconnected by joints 194. In this embodi-
ment, adjacent segments 192 can be moved or angled
relative to one another by a joint 194 having at least one
degree-of-freedom, and preferably having multiple degrees-
of-freedom, preferably about two axes as shown here. As
seen further in FIG. 4, a partial schematic representation 196
of the embodiment 190 is shown where two segments 192
may be rotated about joint 194 about the two independent
axes. The range of motion may be described in relation to
spherical axes 198 by angles o and f.

[0066] As mentioned above, such a segmented body may
be actuated by a variety of methods. A preferable method
involves the use of electromechanical motors individually
mounted on each individual segment to move the segments
relative to one another. FIG. 12 shows a preferable embodi-
ment 200 having motorized segmented joints. Fach segment
192 is preferably comprised of a backbone segment 202,
which also preferably defines at least one lumen running
through it to provide an access channel through which wires,
optical fibers, air and/or water channels, various endoscopic
tools, or any variety of devices and wires may be routed
through. The backbone segment may be made of a variety of
materials which are preferably biocompatible and which
provide sufficient strength to support the various tools and
other components, e.g.. stainless steel. Although much of the
description is to an individual segment 192, each of the
segments 192 are preferably identical, except for the seg-
ment (or first few segments) located at the distal tip, and the
following description readily applies to at least a majority of
the segments 192.

[0067] A single motor, or multiple motors depending upon
the desired result and application, may be attached to at least
a majority of the segments. An embodiment having a single
motor on a segment is illustrated in FIG. 12 where an
individual motor 204 is preferably attached to backbone 202
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and is sufficiently small and compact enough so as to present
a relatively small diameter which is comfortable and small
enough for insertion into a patient without trauma. Motor
204, which is shown here as being a small brushed DC
motor, may be used for actuating adjacent segments 192 and
may be controlled independently from other motors. Various
motors, aside from small brushed DC motors, may also be
used such as AC motors, linear motors, etc. Each motor 204
also preferably contains within the housing not only the
electromechanical motor assembly EM itself, but also a gear
reduction stage GR, and a position encoder PE. A gear
reduction stage GR attached to the motor assembly EM will
allow for the use of the motor 204 in its optimal speed and
torque range by changing high-speed, low-torque operating
conditions into a more useful low-speed, high-torque output.
The position encoder PE may be a conventional encoder to
allow the controlling computer to read the position of the
segment’s joint 194 by keeping track of the angular rota-
tional movement of the output shaft of the motor 204.

[0068] Each motor 204 has a rotatable shaft which extends
from an end of the motor 204 to provide for the transmission
of power to actuate the segments 192. Upon this shaft, a
spool 206 may be rotatingly attached with a first end of the
cable 208 further wound about the spool 206. The cable 208
may then be routed from spool 206 through a channel 212
which is defined in the cable guide 210 and out through
opening 214 (as seen in greater detail in FIGS. 13A-13B) to
cable anchor 216, to which the second end of the cable 208
is preferably attached, e.g., by crimping and/or soldering.
The cable guide 210 serves to capture the cable 208 that is
wound about the spool 206. The cable anchor 216 is attached
across a universal joint pivot 220 to an adjacent segment 192
via a pin 218 and may be shaped like a conventional
electronic ring connector having a round section defining a
hole therethrough for mounting to the segment 192 and an
extension protruding from the anchor 216 for attaching the
second end of the cable 208. Cable 208 may comprise a wide
variety of filaments, strands, wires, chains, braids, etc. any
of which may be made of a wide variety of biocompatible
materials, e.g., metals such as stainless steel, polymers such
as plastics and Nylon, etc.

[0069] In operation, when the motor 204 is operated to
spin the shaft in a first direction, e.g., clockwise, the spool
206 rotates accordingly and the cable 208 pulls in a corre-
sponding direction on the adjacent segment 192 and trans-
mits the torque to subsequently actuate it along a first axis.
When the motor 204 is operated to spin the shaft in a second
direction opposite to the first, e.g., counter-clockwise, the
spool 206 again rotates accordingly and the cable 208 would
then pull in the corresponding opposing direction on the
adjacent segment 192 to subsequently transmit the torque
and actuate it in the opposite direction.

[0070] FIGS. 13A and 13B show exploded isometric
assembly views of two adjacent segments and an individual
segment, respectively, from the embodiment shown in FIG.
12. As seen in FIG. 13A, backbone 202 is seen with the
lumen 221, which may be used to provide a working
channel, as described above. Also seen are channel 212
defined in cable guide 210 as well as opening 214 for the
cable 208 to run through. In interconnecting adjacent seg-
ments and to provide the requisite degree-of-freedom
between segments, a preferable method of joining involves
using the universal joint pivot 220. However, other embodi-
ments, rather than using a universal joint pivot 220, may use
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a variety of joining methods, e.g., a flexible tube used to join
two segments at their respective centers, a series of single
degree-of-freedom joints that may be closely spaced, etc.
This particular embodiment describes the use of the univer-
sal joint pivot 220. At the ends of backbone 202 adjacent to
other segments, a pair of universal yoke members 224 may
be formed with a pair of corresponding pin openings 226. As
the universal joint pivot 220 is connected to a first pair of
yoke members 224 on one segment, a corresponding pair of
yoke members 224 from the adjacent segment may also be
attached to the joint pivot 220.

[0071] As seen further in FIG. 13B, the universal joint
pivot 220 is shown in this embodiment as a cylindrical ring
having two sets of opposing receiving holes 228 for pivot-
ally receiving corresponding yoke members 224. The
receiving holes 228 are shown as being spaced apart at 90°.
intervals, however, in other variations, receiving holes may
be spaced apart at other angles depending upon the desired
degree-of-freedom and application. Also seen is an exploded
assembly of spool 206 removed from motor 204 exposing
drive shaft 205. With motor 204 displaced from backbone
202, the groove 230 is revealed as formed in the backbone
202. This groove 230 may be depressed in backbone 202 to
preferably match the radius of the motor 204 housing not
only to help locate the motor 204 adjacent to backbone 202,
but also to help in reducing the overall diameter of the
assembled segment. The motor 204 may be attached to the
backbone 202 by various methods, e.g., adhesives, clamps,
bands, mechanical fasteners, etc. A notched portion 232 may
also be formed in the cable guide 210 as shown to help in
further reducing segment diameter.

[0072] Prior to insertion into a patient, the endoscope 200
may optionally be configured to have a diagnostic check
performed automatically. When the endoscope 200 is wound
onto a drum, adjacent segments 192 will have a predeter-
mined angle relative to one another, as determined initially
by the diameter of the drum and the initial configuration of
the storage unit in which the endoscope 200 may be posi-
tioned. During a diagnostic check before insertion, a com-
puter may be configured to automatically sense or measure
the angles between each adjacent segments 192. If any of the
adjacent segments 192 indicate a relative measured angle
out of a predetermined acceptable range of angles, this may
indicate a segment 192 being out of position and may
indicate a potential point of problems during endoscope 200
use. Accordingly, the computer may subsequently sound an
audible or visual alarm and may also place each of the
segments 192 into a neutral position to automatically pre-
vent further use or to prevent any trauma to the patient.
[0073] FIG. 14 shows a variation of the tendon driven
endoscope 20 of the present invention. The endoscope 20
has an elongate body 21 with a manually or selectively
steerable distal portion 24, an automatically controlled por-
tion 28, and a flexible and passively manipulated proximal
portion 22, which may be optionally omitted from the
device. The steerable distal portion 24 can be articulated by
hand or with mechanical assistance from actuators. The
automatically controlled portion 28 is segmented, and each
segment is capable of bending through a full range of
steerable motion. The distal portion 24 is also a controllable
segment.

[0074] The selectively steerable distal portion 24 can be
selectively steered or bent up to, e.g., a full 180°. bend in any
direction 26, as shown. A fiberoptic imaging bundle 40 and
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one or more illumination fibers 42 may extend through the
body 21 from the proximal portion 22 to the distal portion
24. Alternatively, the endoscope 20 may be configured as a
video endoscope with a miniaturized video camera, such as
a CCD or CMOS camera, positioned at the distal portion 24
of the endoscope body 21. The images from the video
camera can be transmitted to a video monitor by a trans-
mission cable or by wireless transmission where images may
be viewed in real-time and/or recorded by a recording device
onto analog recording medium, e.g., magnetic tape, or
digital recording medium, e.g., compact disc, digital tape,
etc. LEDs or other light sources could also be used for
illumination at the distal tip of the endoscope.

[0075] The body 21 of the endoscope 20 may also include
one or more access lumens 38 that may optionally be used
for illumination fibers for providing a light source, insuffla-
tion or irrigation, air and water channels, and vacuum
channels. Generally, the body 21 of the endoscope 20 is
highly flexible so that it is able to bend around small
diameter curves without buckling or kinking while main-
taining the various channels intact. When configured for use
as a colonoscope, the body 21 of the endoscope 20 may
range typically from 135 to 185 cm in length and about
13-19 mm in diameter. The endoscope 20 can be made in a
variety of other sizes and configurations for other medical
and industrial applications.

[0076] The controllable portion 28 is composed of at least
one segment 30, and preferably several segments 30, which
are controllable via a computer and/or electronic controller
(controller) 45 located at a distance from the endoscope 20.
Each of the segments 30 has tendons mechanically con-
nected to actuators to allow for the controlled motion of the
segments 30 in space. The actuators driving the tendons may
include a variety of different types of mechanisms capable of
applying a force to a tendon, e.g., electromechanical motors,
pneumatic and hydraulic cylinders, pneumatic and hydraulic
motors, solenoids, shape memory alloy wires, electronic
rotary actuators or other devices or methods as known in the
art. If shape memory alloy wires are used, they are prefer-
ably configured into several wire bundles attached at a
proximal end of each of the tendons within the controller.
Segment articulation may be accomplished by applying
energy, e.g., electrical current, heat, etc., to each of the
bundles to actuate a linear motion in the wire bundles which
in turn actuate the tendon movement. The linear translation
of the actuators within the controller may be configured to
move over a relatively short distance, e.g., within a few
inches or less such as .+=0.1 inch, to accomplish effective
articulation depending upon the desired degree of segment
movement and articulation.

[0077] It is preferable that the length of the insertable
portion of the endoscope comprises controllable segments
30, although a passive proximal portion 22 can also be used.
This proximal portion 22 is preferably a flexible tubing
member that may conform to an infinite variety of shapes,
and may be made from a variety of materials such as
thermoset and thermoplastic polymers which are used for
fabricating the tubing of conventional endoscopes.

[0078] Each segment 30 preferably defines at least one
lumen running throughout to provide an access channel
through which wires, optical fibers, air and/or water chan-
nels, various endoscopic tools, or any variety of devices and
wires may be routed. A polymeric covering, or sheath, 39
may also extend over the body of the endoscope 21 includ-
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ing the controllable portion 28 and steerable distal portion
24. This sheath 39 can preferably provide a smooth transi-
tion between the controllable segments 30, the steerable
distal portion 24, and the flexible tubing of proximal portion
22.

[0079] A handle 32 may be attached to the proximal end
of the endoscope. The handle 32 may include an ocular
connected to the fiberoptic imaging bundle 42 for direct
viewing. The handle 32 may otherwise have a connector 54
for connection to a video monitor, camera, e.g., a CCD or
CMOS camera, or a recording device 52. The handle 32 may
be connected to an illumination source 43 by an illumination
cable 44 that is connected to or continuous with the illumi-
nation fibers 42. Alternatively, some or all of these connec-
tions could be made at the controller 45. Luer lock fittings
34 may be located on the handle 32 and connected to the
various instrument channels.

[0080] The handle 32 may be connected to a motion
controller 45 by way of a controller cable 46. A steering
controller 47 may be connected to the motion controller 45
by way of a second cable 48 or it may optionally be
connected directly to the handle 32. Alternatively, the handle
may have the steering control mechanism integrated directly
into the handle, e.g., in the form of a joystick, conventional
disk controllers such as dials, pulleys or wheels, etc. The
steering controller 47 allows the user to selectively steer or
bend the selectively steerable distal portion 24 of the body
21 in the desired direction 26. The steering controller 47 may
be a joystick controller as shown, or other steering control
mechanism, e.g., dual dials or rotary knobs as in conven-
tional endoscopes, track balls, touchpads, mouse, or sensory
gloves. The motion controller 45 controls the movement of
the segmented automatically controlled proximal portion 28
of the body 21. This controller 45 may be implemented using
a motion control program running on a microcomputer or
using an application-specific motion controller. Alterna-
tively, the controller 45 may be implemented using, e.g., a
neural network controller.

[0081] The actuators applying force to the tendons may be
included in the motion controller unit 45, as shown, or may
be located separately and connected by a control cable. The
tendons controlling the steerable distal portion 24 and the
controllable segments 30 extend down the length of the
endoscope body 21 and connect to the actuators. FIG. 14
shows a variation in which the tendons pass through the
handle 32 and connect directly to the motion controller 45
via a quick-release connector 60. In this variation, the
tendons are part of the control cable 46, although they could
independently connect to the actuators, so long as the
actuators are in communication with the controller 45.
[0082] An axial motion transducer (also called a depth
referencing device or datum) 49 may be provided for
measuring the axial motion, i.e., the depth change, of the
endoscope body 21 as it is advanced and withdrawn. The
depth referencing device 49 can be made in many possible
configurations. For example, the axial motion transducer 49
in FIG. 14 is configured as a ring 49 that may surround the
body 21 of the endoscope 20. The axial motion transducer 49
is preferably attached to a fixed point of reference, such as
the surgical table or the insertion point for the endoscope 20
on the patient’s body. As the body 21 of the endoscope 20
slides through the axial motion transducer 49, it indicates the
axial position of the endoscope body 21 with respect to the
fixed point of reference and sends a signal to the electronic
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controller 45 by telemetry or by a cable. The axial motion
transducer 49 may use optical, electronic, magnetic, radio
frequency or mechanical methods to measure the axial
position of the endoscope body 21.

[0083] When the endoscope body 21 is advanced or with-
drawn, the axial motion transducer 49 detects the change in
position and signals the motion controller 45. The controller
can use this information to propagate the selected curves
proximally or distally along the controllable portion 28 of
the endoscope body 21 to keep the endoscope actively
following the pathway selected by the user steering the distal
portion 24. The axial motion transducer 49 also allows for
the incrementing of a current depth within the colon C by the
measured change in depth. This allows the endoscope body
21 to be guided through tortuous curves without putting
unnecessary force on the wall of the colon C.

[0084] FIG. 15A shows an example of the resulting seg-
ment articulation which may be possible through the use of
two or three tendons to articulate the controllable segments,
including the steerable distal section. FIG. 15A shows one
example of a possible range of motion of a controllable
segment of the present invention actuated, in this example,
by three tendons. A segment in the relaxed, upright position
301 can be bent in virtually any direction relative to the x-y
plane. The figure, as an illustrative example, shows a seg-
ment 302 that has been bent down and at an angle relative
to its original position 301. The angles o and [} describe the
bend assumed by the segment. Angle § gives the angle in the
x-y plane, while a is the angle describing the motion in the
x-z plane. In one variation, the controllable segments of the
endoscope can bend through all 360° in the § angle and up
to 90° in the a angle. An angle a greater than 90° would
result in looping of the endoscope. In FIG. 15A, the segment
is shown bent approximately 45° along angle c.. The free-
dom of movement of a segment is, in part, determined by the
articulation method, the size of the segment, the materials
from which it is constructed, and the manner in which it is
constructed, among others. Some of these factors are dis-
cussed herein.

[0085] The steerable distal portion, as well as the endo-
scope and the controllable segments are bendable but pref-
erably not compressible or expansible. Thus, in FIG. 15A,
the centerline 304 of the relaxed segment 301 is approxi-
mately the same length as the centerline 306 of the segment
after bending 302.

[0086] FIGS. 15B to 15F show the use of three tendons to
actuate a controllable segment used in an endoscope of the
present invention. The tendons shown in this example are all
Bowden type cables 310 that have an internal cable 312
coaxially surrounded by a housing or sleeve 314 in which
the cable is free to move. Bowden cables can be used to
apply either tensile or compressive forces, i.e., they may be
pushed or pulled, to articulate the endoscope and can be
actuated remotely to deliver forces as desired at locations
along the endoscope. Force from a tendon is exerted across
or through the segment by attaching the tendon cable at the
distal end of the segment 320 and the tendon housing 314 at
the proximal end of the segment 322. FIG. 15B shows a
view of the top of the segment with three attachment sites for
the tendon cables indicated 320.

[0087] In one variation, three tendons are used to actuate
each segment, including the steerable distal portion,
although four or more tendons could be used. Three tendons
can reliably articulate a segment in any direction without
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having to rotate the segment or endoscope about its longi-
tudinal axis. The three cable tendons 312 are preferably
attached at the distal end of the segment 320 close to the
segment’s edge, spaced equally apart. In FIG. 15B, tendons
are attached at the two o’clock, six o’clock and 10 o’clock
positions. It is desirable to use fewer tendons, because of
space concerns, since the tendons controlling each segment
project proximally to the actuators. Thus, two tendons could
be used to control a segment. It may also be desirable to
include one or more biasing element, e.g., a spring, to assist
in articulating a segment in three dimensions. In another
variation, two tendons may be used to articulate a segment
in three dimensional space by controlling motion in two
directions while rotating the segment about its longitudinal
axis.

[0088] FIG. 15C shows a relaxed segment with three
tendons attached. The tendon sleeves 314 are shown
attached to the proximal end of the segment 322 directly
below the corresponding cable attachment sites. FIGS. 15D
to 15F show this segment bent by each of the controlling
tendons 310 separately.

[0089] As shown in FIG. 15D, applying tension by pulling
on the first tendon 330 results in a bending in the direction
of the first tendon 330. That is, looking down on the top of
the unbent segment (as in FIG. 15B), if the first tendon is
attached at the six o’clock position, then pulling on just this
tendon results in bending the segment towards the six
o’clock position. Likewise, in FIG. 15E, putting tension only
on a second tendon 332 attached at the two o’clock position
results in bending the segment towards the two o’clock
direction. Finally, pulling on the tendon in the ten o’clock
position 334 bends the segment towards the ten o’clock
direction. In all cases, the bending is continuous; the greater
the tension applied, the further the bending (the a angle, in
the x-z plane of FIG. 15A). A segment can be bent in any
direction by pulling on individual tendons or a combination
of two tendons. Thus, to bend the segment in the twelve
o’clock direction, both the second 332 and the third 334
tendon could be pulled with equal force. Alternatively, first
tendon 330 in the six o’clock position may be pushed either
alone or in combination with second 332 and third tendons
334 being pulled to result in the same configuration.

[0090] FIGS. 16A and 16B show a variation in which a
segment is articulated by two tendons and one biasing
element. FIG. 16 A shows a planar top view of the segment.
The attachment sites for the biasing element 340 and the two
tendons 320 are spaced around the perimeter of the distal
end of the segment as shown. The tendons 320 may be
attached at the two o’clock and ten o’clock positions,
looking down on the top of the section, and the biasing
element 340 is attached at the six o’clock position. FIG. 16B
shows a perspective view of the segment in the unbent
configuration. In this variation, the biasing element is con-
figured to apply tension to the side of the segment such that
it will bend towards the six o’clock position. The biasing
element can be any element that can apply compressive or
tensile forces across the segment, e.g. a spring, elastic
element, a piston, etc. The segment is held in the neutral or
unbent position shown in FIG. 16B by applying tension from
both tendons 312. Controlling the amount of tension applied
by the tendons results in bending of the segment in three
dimensional space. More than one biasing element could
also be used with two or more tendons. For example, a
biasing element could be located opposite each tendon.
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[0091] Alternatively, if the tendon is a push-pull cable, and
each tendon can apply compression as well as tension, then
two tendons can control the motion of segment without any
biasing element at all.

[0092] More than three tendons can also be used to control
the bending of a segment. FIG. 16C shows a top planar view
of a segment that is controlled by four tendons attached in
the eleven o’clock, two o’clock, five o’clock and eight
o’clock positions. As with the three-tendon embodiment,
tension applied on one or a combination of the tendons
results in shortening the side of the segment. Thus, if tension
is applied only on the tendon attached distally at the eleven
o’clock position 355, the corresponding side of the tendon
will shorten, and the segment will bend in the eleven o’clock
direction.

[0093] In all these variations, the circumferential locations
of the tendons and/or biasing elements are illustrative and
are not intended to be limited to the examples described
herein. Rather, they may be varied according to the desired
effects as understood by one of skill in the art.

[0094] FIG. 17 shows a partial schematic representation of
a single tendon bending a segment. For clarity, the other
parts of a complete endoscope, including other tendons and
segments, have been omitted from FIG. 17. Tension applied
to a tendon cable is transferred across the entire segment,
resulting in bending. By using a Bowden cable 310 whose
sleeve 314 is attached to the base 322 of the segment and
also fixed at the proximal actuator end 403, only the
intended segment 401 is bent by applying tension to the
tendon 312, and more proximal segments are unaffected.
The tendon is placed in tension by the actuator 410, which
is shown, in this variation, as a motor pulling on the tendon
cable 312.

[0095] Linked control rings may provide the flexible struc-
ture needed to construct the steerable distal portion and the
controllable segments. Two examples of the types of control
rings that may be utilized are shown. The first is shown in
FIG. 18A which shows a vertebra-type control ring that
forms the controllable segments of the present invention.
FIG. 18A shows an end view of a single vertebra. Each
ring-shaped vertebra 501 can define a central channel or
aperture 504 or apertures that can collectively form the
internal lumen of the device as previously described. The
vertebrae may have two pairs of hinges; the first pair 506
projecting perpendicularly from a first face of the vertebra
and a second pair 508, located 90°. around the circumfer-
ence from the first pair, projecting perpendicularly away
from the face of the vertebra on a second face of the vertebra
opposite to the first face. The hinges shown in FIGS. 18A
and 18B are tab-shaped, however other shapes may also be
used.

[0096] The vertebra control ring in FIG. 18A is shown
with three holes 510 through the edge of the vertebra that
may act, e.g., as attachment sites for the tendon cable 312 if
the vertebra is the most distal vertebra in a segment, or as a
throughway for a tendon cable that can actuate the segment
in which the vertebra is used. These holes 510 can also be
used to attach the sleeve of the Bowden-type tendon cable
314 when the vertebra is the most proximal control disk in
a segment. Alternatively, rather than a hole 510, the attach-
ment sites could be a recess or other specialized shape.
Although FIG. 18A shows three holes 510, the number of
holes may depend upon the number of tendons used to
control the segment to which the vertebra belongs. Since the
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holes 510 may be used as attachment sites for the tendons,
there are as many holes as there are tendons controlling the
segment.

[0097] The outer edge of the vertebra in FIG. 18 A may be
scalloped to provide spaces 512 for tendon housings of
tendons that control more distal segments and bypass the
vertebra. These tendon bypass spaces preferably conform to
the outer diameter of the tendons used. The number of
tendon bypass spaces 512 may vary depending on the
number of tendons. Also, the orientation of the tendon
bypass spaces may be varied if it is desirable to vary the way
in which the bypassing tendons are wound around the
endoscope. For example, the spaces 512' in FIG. 18C are
oriented at an angle relative to the longitudinal axis of the
vertebra, allowing the tendons to wind around the body of
the endoscope as they project proximally. Furthermore, the
tendon bypass spaces could be lubricated or composed of a
lubricious material in order to facilitate free movement of
the bypassing tendons across the segment, and prevent
interference between the bending of the segment and the
bypassing tendons.

[0098] FIGS. 18B and 18C show side views of the same
vertebra as FIG. 18A. The two pairs of hinge joints 508, 506
are shown. Hinge joints 508, 506 are preferably located 90°
apart and extend axially so that the hinge joints can pivotally
mate with hinge joints from adjacent vertebrae. This mating
520 with adjacent vertebrae is more clearly seen in FIG.
18C. These hinges can be joined, pinned, or connected
through the holes 525 as shown 522. Alternatively, hinges
may also be made from materials utilizing, e.g., thermoplas-
tics, shape memory alloys, etc. Once hinged, each vertebra
can rotate relative to an adjoining vertebra in one axis.
However, because vertebrae are hinged to each other in
directions alternating by 90°, an assembly of multiple ver-
tebrae is able to move in virtually any direction. The greater
the number of vertebrae joined in this manner, the greater the
range of motion. In one embodiment, two to ten vertebrae
are used to comprise one segment, achieving a length of
around 4 cm to 10 cm per segment. The dimensions of both
the vertebrae and the hinge joints can be varied, e.g., longer
hinge joints will have a greater bending radius when joined
to another vertebra. Furthermore, the number of vertebrae
per segment can vary, e.g. more than ten vertebrae could be
used.

[0099] FIGS. 18D and 18E show another variation of a
vertebra in sectional and perspective views, respectively. In
FIGS. 18D and 18E, the tendons that bypass the segment
may be contained within the body of the vertebra in a tendon
bypassing space 550 rather than along the outer edge of the
vertebra as shown in FIG. 18A. The vertebra of FIGS. 18D
and 18E show four tendon bypassing spaces 550, and each
space can hold approximately fifteen bypassing tendon
sleeves. The number, shape and sizes of the tendon bypass-
ing spaces can be varied. For example, a vertebra could have
two tendon bypassing spaces that could hold more than
thirty-five tendon sleeves. Moreover, the tendon bypassing
space could also be located on the inside of the central
aperture or lumen of the vertebra 504.

[0100] Although FIG. 18D shows tendon sleeves holding
only a single tendon cable 560, more than one tendon cable
could be contained in a tendon horsing or sleeve. For
example, if three tendons articulate a segment, all three
tendons could be contained in a single tendon housing. Such
a combined tendon housing could further utilize lubrication
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to accommodate independent movement by individual ten-
don cables and/or could be divided into compartments that
isolate the tendons within the housing.

[0101] FIG. 18E also shows a perspective view of the
binge joints 506, 508 that can pivotally mate with pairs of
hinge joints from adjacent vertebrae. Although FIGS. 18A
and 18B shows two pairs of hinge joints projecting axially,
a single hinge joint on each face of the vertebra could also
be used. Moreover, as long as the hinge joints can pivotally
mate with adjacent vertebrae, the hinge joints can be located
at different radial locations from the center of the vertebra.
For example, the pairs of hinge joints shown in FIGS. 18A
to 18C are located closer to the center of the vertebra than
the hinge joints in FIGS. 18D and 18E.

[0102] FIGS. 19A and 19B illustrate a second variation of
control ring. The variation shown in the figure utilizes a
flexible backbone 601 preferably made of a material that is
relatively non-compressible and non-extensible, to which
control rings 602 are attached at intervals. This structure
allows bending in a continuous curve in any desired direc-
tion. FIG. 19A shows a side view of one controllable
segment of this variation with the outer layers removed to
show the control rings and backbone. Multiple control rings
602 may be attached to the flexible backbone at regular
intervals. Fewer or more control rings could be used to
comprise a single segment depending upon the desired
degree of articulation. The tendon cable 312 attaches to the
most distal control ring of the segment 604. As with the
vertebra-type variation, this central backbone embodiment is
shown actuated by three tendons 310 attached at sites
equally spaced around the edge of the most distal control
ring of the segment 604. The tendon cables controlling the
segment 312 pass through spaces or holes 610 defined in the
control rings 602 through which they are free to move. These
holes 610 could be lubricated, lined with a lubricious
material or the control rings 602 may be composed of some
lubricious material to facilitate cable motion through the
holes 610. The tendon sleeve preferably attaches at a loca-
tion 614 to the most proximal control ring in the segment
612. When a tendon 312 is placed under tension, this force
is distributed along the entire segment Because the inner
tendon cable 312 is freely slidable within the tendon sleeve
314, and the tendon sleeve is fixed at both ends of'the tendon
614, pulling on the tendon cable causes bending only in the
selected segment.

[0103] FIG. 19A also shows the first control ring of a more
proximal segment 604'. The tendons controlling the more
distal segment may pass over the outside of the more
proximal segments as they project proximally to the actua-
tors. The outer edge of the control rings for the flexible
backbone embodiment are shown with channels or tendon
bypassing spaces 616 for bypassing tendons, as seen in FIG.
19B. As with the vertebra-type control rings, these tendon
bypassing spaces could also be located within the control
ring, for example, in an enclosed tendon bypassing space.

[0104] FIG. 19B shows an end view of control ring 602
which may be used with the flexible backbone embodiment
of the endoscope. The center of the control ring contains a
channel through which the flexible backbone 601 can be
attached. A number of additional channels through the
control ring 618 are also shown. These channels can be
aligned with channels in neighboring control rings to form
an internal lumen or channel for a fiber optic imaging
bundle, illumination fibers, etc. as discussed above. More-
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over, adjacent control rings may be spaced adjacently to one
another at uniform or various distances depending upon the
desired degree of bending or control. FIG. 19B shows three
equally spaced holes 610 through which the tendon cable
can pass; these holes 610 could also be used as attachment
sites for the tendon cable, e.g., when the control ring is the
most distal control ring in the segment 604, or for the tendon
cable sleeve, e.g. when the control ring is the most proximal
control ring in the segment 612. These holes 610 could be
shaped specifically to receive either the tendon end or the
tendon sleeve. Control rings of other designs could be used
for different regions of the segment, or for different seg-
ments.

[0105] FIGS. 20A to 20C illustrate a variation of the
tendon driven endoscope navigating a tortuous path. The
path 701 is shown in FIG. 20A. This pathway may represent
a portion of colon, for example. In FIG. 20A, the distal tip
of the device 704 approaches the designated bend. FIG. 20B
shows the distal tip being steered 705 to assume the appro-
priate curve. This steering could be performed manually by
the user, e.g. a doctor, or automatically using an automatic
detection method that could determine the proximity of the
walls of the pathway. As described, the bending of the
steerable tip is performed by placing tension on the tendon,
or combination of tendons that results in the appropriate
bending.

[0106] The device is then advanced again in FIG. 20C; as
it is advanced, the selected curve is propagated down the
proximal length of the endoscope, so that the bend of the
endoscope remains in relatively the same position with
respect to the pathway 701. This prevents excessive contact
with the walls, and allows the endoscope to move more
easily along the tortuous pathway 701. The endoscope is in
continuous communication with the motion controller, and
the motion controller can monitor the location of the endo-
scope within the pathway, e.g., depth of insertion, as well as
the selected bends or curves that define the pathway of the
endoscope. Depth can be determined by, e.g., the axial
motion transducer 49 previously described, or by more
direct measurement techniques. Likewise, the shape of each
segment could be determined by the tension applied to the
tendons, or by direct measurement, such as direct measure-
ment of displacement of the tendon cables. The motion
controller can propagate the selected shape of a segment at
a specified location, or depth, within the body, e.g., by
setting the lengths of the sides of more proximal segments
equal to the corresponding lengths of the sides of more distal
segments as the device is moved distally. The controller can
also use this information to automatically steer the body of
the endoscope, or for other purposes, e.g. creating a virtual
map of the endoscope pathway for analytic use.

[0107] In addition to measuring tendon displacement, the
motion controller can also adjust for tendon stretch or
compression. For example, the motion controller can control
the “slack” in the tendons, particularly in tendons that are
not actively under tension or compression. Allowing slack in
inactive tendons reduces the amount of force that is required
to articulate more proximal segments. In one variation, the
umbilicus at the distal end of the endoscope may contain
space to allow slack in individual tendons.

[0108] The bending and advancing process can be done in
a stepwise or continuous manner. If stepwise, e.g., as the
tendon is advanced by a segment length, the next proximal
segment 706 is bent to the same shape as the previous

Jan. 2, 2020

segment or distal steerable portion. A more continuous
process could also result by bending the segment incremen-
tally as the tendon is advanced. This could be accomplished
by the computer control, for example when the segments are
smaller than the navigated curve.

[0109] Controllable segments, including the steerable dis-
tal portion, can be selected to have different dimensions,
e.g., different diameters or lengths, even within the same
endoscope. Segments of different dimensions may be desir-
able because of considerations of space, flexibility and
method of bending. For example, the more segments in an
endoscope, the further it can be steered within a body cavity;
however, more segments require more tendons to control the
segments. FIGS. 21 and 22 illustrate two variations on
tendon driven endoscopes.

[0110] FIG. 21 shows a tendon driven endoscope variation
that has segments 800 of differing diameters. More distal
segments may have a smaller diameter 803 than more
proximal segments, e.g., 802, 801. The diameter of a typical
endoscope could decrease from, e.g., 20 mm, down to, e.g,,
12.5 mm. The endoscope shown in FIG. 21 appears tele-
scoped, as the diameter decreases distally in a stepwise
manner. This design would be responsive, e.g., to internal
body structures that become increasingly narrow. This
design would also help accommodate bypassing tendons
from more distal segments as they proceed towards the
proximal actuators because of the larger diameter of the
more proximal segments. FIG. 21 shows four differently
sized segments; however, virtually any number of differently
sized segments could be used. Moreover, although the
segments appear stepped in this variation, the outer surface
may be gently tapered to present a smooth outer surface
decreasing in diameter towards the distal end.

[0111] FIG. 22 shows another variation of the tendon
driven endoscope that has segments of different lengths.
Using segments of different lengths may require fewer
overall segments 900 to construct an equivalent length of
articulatable endoscope. As shown in FIG. 22, more proxi-
mal segments 901 are increasingly longer than more distal,
e.g., 902,903, segments. For example, segment length could
be decreased from 20 cm at a proximal segment down to 6
cm at a distal most segment. The lengths may be decreased
incrementally segment to segment by a constant factor;
alternatively, lengths may be decreased geometrically, expo-
nentially, or arbitrarily depending upon the desired articu-
lation. In practice this results in an “averaging” of curves by
more distal segments as bends and turns are propagated
proximally. In order to accomplish this, the motion control-
ler may be configured to accommodate the differently sized
segments accordingly. Alternatively, endoscopes could be
comprised of a combination of segments of different length
and thickness, depending upon the application.

[0112] The tendons that articulate the segments are in
mechanical communication with the actuators. However, it
may be desirable to have the insertable distal portion of the
endoscope be removable from the actuators and controller,
e.g., for cleaning or disinfecting. A quick-release mechanism
between the proximal end of the endoscope and the actuators
is an efficient way to achieve an endoscope that is easily
removable, replaceable or interchangeable. For example, the
proximal ends of the tendons can be organized to allow
predictable attachment to corresponding actuators. The ten-
dons may be organized into a bundle, array, or rack. This
organization could also provide other advantages to the
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endoscope, such as allowing active or passive control of the
tendon slack. Furthermore, the proximal ends of each tendon
can be modified to allow attachment and manipulation, e.g.,
the ends of the tendons may be held in a specially configured
sheath or casing.

[0113] While the present invention has been described
herein with respect to the exemplary embodiments and the
best mode for practicing the invention, it will be apparent to
one of ordinary skill in the art that many modifications,
improvements and subcombinations of the various embodi-
ments, adaptations and variations can be made to the inven-
tion without departing from the spirit and scope thereof.

1. (canceled)

2. An endoscopic instrument, comprising:

an elongate body extending between a proximal end and

a distal end, the elongate body comprising:

a selectively articulatable distal portion comprising a
first segment and a second segment coupled by a
joint, the first segment and the second segment
articulatable relative to each other about the joint;
and

an imaging device positioned to image a field of view
through a distal end of the elongate body.

3. The endoscopic instrument of claim 2, wherein:

the first segment is distal to the second segment,

the joint is a first joint, and

the endoscopic device further comprises a second joint

coupling the second segment to a third segment.

4. The endoscopic instrument of claim 2, wherein the
selectively articulatable distal portion is coupled to a proxi-
mal portion of the elongate body.

5. The endoscopic instrument of claim 2, further com-
prising one or more actuation elements operably coupled to
the distal portion, wherein the one or more actuation ele-
ments are configured to transmit a force to articulate the first
and second segments relative to each other about the joint.

6. The endoscopic instrument of claim 5, wherein the one
or more actuation elements are one or more cables.

7. The endoscopic instrument of claim 5, further com-
prising a drive mechanism operably coupled to the one or
more actuation elements, the actuation elements being con-
figured to transmit force from the drive mechanism.

8. The endoscopic instrument of claim 7, wherein the
drive mechanism comprises a motor.

9. The endoscopic instrument of claim 5, wherein:

the one or more actuation elements are coupled to a

rotatable spool, and
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the one or more actuation elements transmit force to
articulate the first and second segments relative to each
other in response to being wound or unwound from the
spool.

10. The endoscopic instrument of claim 9, further com-
prising a motor operably coupled to the spool.

11. The endoscopic instrument of claim 5, further com-
prising one or more actuators at a proximal end portion of
the elongate device, the one or more actuation elements
being operably coupled to the one or more actuators,
wherein actuation of the one or more actuators causes the
one or more actuation elements to transmit force to control
articulation of the first and second segments.

12. The endoscopic instrument of claim 11, further com-
prising:

an input device configured to be manually manipulated by

an operator; and

a controller operably coupled to the input device and the

one or more actuators, wherein

the controller is configured to control the one or more

actuators in response to manipulation at the input
device.

13. The endoscopic instrument of claim 2, wherein the
joint is configured to permit articulation of the first and
second segments relative to each other about two differing
axes.

14. The endoscopic instrument of claim 2, wherein the
joint is a universal pivot joint.

15. The endoscopic instrument of claim 2, wherein the
joint is one joint of a series of multiple joints connecting the
first and second segments.

16. The endoscopic instrument of claim 15, wherein each
joint in the series of multiple joints is configured to articulate
in a single degree of freedom.

17. The endoscopic instrument of claim 2, wherein the
imaging device comprises a fiberoptic imaging device.

18. The endoscopic instrument of claim 2, wherein the
imaging device comprises a camera.

19. The endoscopic instrument of claim 18, wherein the
camera is a CCD or CMOS camera.

20. The endoscopic instrument of claim 18, wherein the
camera is configured to be placed in communication with a
display monitor and/or a recording device to transmit images
to the display monitor and/or the recording device, respec-
tively.
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