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TITLE OF THE INVENTION
A ROBOTIC ENDOSCOPE AND AN AUTONOMOUS PIPE ROBOT FOR
PERFORMING ENDOSCOPIC PROCEDURES

BACKGROUND OF THE INVENTICN
(a) Fleld of the invention
The present invention generally relates to a robotic
endoscope for performing inspection and endoscopic
procedures, inparticular, toaself-propelledtubular robot
and an autonomous pipe robot capable of advancing within
an elongated passage, either a straight or bent passage,

having a rigid or elastic, tubular wall.

(b} Description of the prior art

Endoscopes are useful medical device for inspecting
and examining the interior of certain human organs that
are otherwise inaccessible to a physician’s examination.
An endoscopic examlination, 1ike colonoscopy, 1s aprocedure
required very demanding technigues. It is a medical art
to coax an almost two metres long fiexibie tube around a
tortucus colon whilst causing minimal discomfort and yet

performing a thorough examination.

Most experienced endoscopists use similar endoscaopic
technigues. Air is pumped Lnto the colon to distend it and
aid insertion of the flexible tube. The insertion force
on the device must be gentle to avoid stretching the colonic
wall or mesentery which can cause pain or perforation to
thewall. Thecolonoscope isadvanced, by thepushingaction
of the endoscopist’s hand, to the caecum under direct
endosceopic vision made available to the endoscopists by
optical fibres or CCD cameras. The lumen should be kept
always in view so that little or none of the operation is
performed blind. A variety of “in-and-cut” manoeuvres are

used to Maccordion” the ceoclon on the colonoscope, keeping
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the colonoscope as free of loops as possible. However,
pushing isnet theonlyactioninvolved. Considerableskill
is required to pull, wriggle and shake the colonoscope at
the distal end. The patlient’s abdomen may be pressed to
minimize looping and discomfort. In a difficult colon,
special manoeuvres (like reducing the “alpha loop” in the
sigmold colon) are used to pass the sharply angulated
sigmeid/descending colon Junction. Torguing of the

colonoscepe 1s also required in such a scenario.

The detailed examination of the mucosa 1s performed
both as the celencscope 1s introduced and when 1t is slowly
removed from the caecum. If the cclonoscope is kept free
of loops, the tip responds well and the examination is
facilitated. This 1is especially true if a therapeutic
procedure (suchas polypectomy) 1s tobe undertaken, because
large, redundant locps of the ceclonoscope can make control
of the tip very difficult. Sometimes, the endoscopist may
“jiggle” the scope to pleat the colen onto the shaft of
scope. This involves rapid up/down or side—-to-side
mevements of the scope. The main purpose of jiggling is
to shorten the part of the inserticn tube which is in the

body. This keeps it straight.

The basic act of manoceuvring the coclonoscopic tip
around the many bends of the colon requires years of practice
andtraining. Duringtheoperation, the lumenmay disappear
from the surgecon’s sight leading to a *red-out” when the
tip is against the colonic wall or worse:; a “white-out”
when the tip stretches the colonicwall. When this happens,
an inexperienced endoscopist may be disorientated and has
difficulty looking for the lumen. Coleonic perforation may
consequently occur. Furthermore, abrupt movements of the
scope may result in tearing of the inner wall of the colon,
which may in turn lead to excessive bleeding. There are

also instances when pushing in the scope dces not result
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in advancement of the distal end. Rather, loops are formed
which may result in over distension of the colonic walls.
The present colonoscope alsc requires the endoscopist to
held the control device with one hand leaving only one hand
to push or pull the insertion tube. Too much torguing of
the insertion tube may result in locps which may complicate
matters further. Besides being cumbersome, holding up the
control device for prolonged periods of time is tiring for

the endoscopist.

The celonoscopy procedure depends very much on the
skills of the endoscopist. A more experienced endoscopist
will perform a more thorough, less painful operaticn in
ashorter time than an inexperiencedendoscopist. Askilled
endoscoplst will normally have little problems traversing
the colonoscope right up to the caecum of a "normal” colon.
However, there will be difficulties advancing the
colonoscope Through some “problematic” colons. This
happens when encounteving very acute or fixed bends.
Further pushing of the colonoscope at this point will only
distend the walls of the distal colon. Distortion of the
colonic shape and profile due to previous surgery may add
to this problem. A self-propelled robotic endoscope with
a traversing mechanism at its distal end will solve many
locomotion problems uniike the problematic pushing format

of conventicnal colonoscopes.

In the chemical and oil industries, conducting
characterizatlion and lnspection activities within piping
systems 1s critical to decontamination, dismantlement and
maintenance activities. Current technologies for
inspection of large piping systems exist. However, the
ability to accurately characterize and inspect
small-diameter piping systems are rare. Small-diameter
Pipes (diameters less than 3 inches) aregenerally connected

together to form 3-dimensiconal structures made up of



12) uoboooboooboaobod

horizontzal and vertlcal pipes. Inspecting of such piping
systems would require a self-propelled in—pipe robot not
only capable of advancing against gravity but can also
traverse through acute bends. The rebot s objectlve is to
sendkack images of the innerwallsof thepipes as it advances
into the pipes. Itmust alsobe able toproceed in a desired
direction when 1t reaches a junction with two or more

alternative routes.

SUMMARY OF THE PRESENT INVENTION

Accordingly, the present invention relates to a
ropotic endoscope for performing endoscopic procedures in
a tubular crgan comprising:(a) a piurality of segments,
connected together by a plurality of flexible articulated
jJoints, haeving a distal end; {(b)a plurality of flexible
linear actuators attached, skewed sideways with respect
to the longitudinal (or diametral) axis of said rcbot,
circumferentially round each segment; {c}a central cavity
running longitudinally thrcough said robot which houses a
plurality of optical fibres, a water/air hose, an
instrumentation channel andaplurality of electrical wires
assoclatedwith an imaging means beingmounted at the distal
end of the robot; and(d) a network of tributary channels

for the distribution of pressure to said linear actuators.

It is an object of the present invention to provide
g robotic endoscope and an autonomous pipe robot capable
of advancing inanelongatedpassage havingrigidorelastie,
tubular wall, wherein a plurality of articulated joints
allow the robhot to conform to the different bends and

curvature found in the organ of a human body.

It is yet another object of the present invention to
provide a robotic endoscope and an autonomous pipe robot,

wherein a plurality of flexible linear actuators are
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attached circumferentially round each segment and these

actuators are pressure driven by pneumatics or hydraulics.

Itisanotherokijectof thepresent inventiontoprovide
& robotic endoscope and an autonomous pipe rohot, wherein
acontrol means is provided to contreol the sequence by which

the linear actuators are activated.

Itisanotherabjectof thepresent inventiontoprovide
a robotic endoscope and an autonomous pipe robot, wherein

therckbot iscapableof advancinginplipescf small diameters.

These and other features, aspects, and advantages of
the present inventicn will become better understood with
regard to the following description, appended claims, and

accompanying drawings where:

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a schematically illustrated side elevation
view of the present tubular robot In accordance with the
present invention;

Fig. 2 is a front end view of the present tubular robot
in accordance with the present invention;

Fig. 3 is apartial sectionviewof thedistal segments
cf the robot shown in Fig. 1;

Fig. 4 is a partial section view of another preferred
embodiment ¢f the robot in acceordance with the present
inventicn;

Fig. 5 illustrates a gait sequence which is uszed to
locomote the present robot in accordance with the present
invention;

Fig. & shows a flow chart of a control means in
accordance with Che present invention;

Fig. 7showsagaltinwhichthesetsofbellowactuators,
in accordance with the present invention, are activated

antagonistically; and
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Fig. 8 shows the sectional viewof amotor inaccordance

with the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENT

Referring to Fig. 1, there is shown a tubular robot
{1) capable of advancing in an elongated passage with rigid
cr elastic, tubular wall. The robot (1] comprises a
plurality of segments (2), having a distal end, connected
tegether by a plurality of flexible articulated joints (3) .
The articulated joints (3) provide the robot (1) to conform
to the different bends and curvature found in the human
crgans. A plurality of hollow rubber bellows (11) are used
to make the jolnts (3) each of which has three degrees of
rotational freedom and certain degree of translatiocnal

freedoms.

Referring tc Fig. 2, the distal end of the segment
(2) houses a plurality of optical fibres (not shown) for
a light source (4), a water/air opening (5}, an
instrumentation channel (6) and an imaging device {7}, such
as an ultra-compact charge couple camera. The wires and
tunings (net shown) asscociated with these devices (4, 6,
& 7}run into the central cavity (8) of the robot (1) . These
wires and tunings exit the robot (1) bundled tocgether as

a tall (noct shown) which connects to the last segment (10) .

ReferringtoFig. 3, attachedcircumferentially round
each segment {2) is aplurality of flexible linear actuators
(11) . In accordance with the present invention, the
plurelity of the retractable rubber bellows (11) are used
as the linear actuators. These actuators (11) are pressure
driven by pneumatics or hydraulics. As the actuators (11}
are not made frommetals, the actuators {11) will not damage
thedelicatewallsof thehumanorgans. Theserubberbellows
(11} are attached, by proximal ends, tc the cavities (12)

in the segments (2). The bellows (11) are clamped or glued
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to the segments (2). They are positioned skewed sideways
with respect to the longitudinal axis of the body (of the
robot) with their distal ends pointing radially away from
the main body {of the robet). All the bellows (11) in one
segment {2) are connected to the same pressure line which
runs through the central cavity (8) of the main body of
the robot (1) and exits via the taill {9). Pressure is
distributed evenly to the hellcws (11} via a plurality of
the tributary pressure channels (13) in the segment (2] .
When high pressure, from an external source, is introduced
through the channels (13), the connected bellows (11) will
extend longltudinally. Conversely, when low pressure
(below atmospheric pressure) is introduced, the bellows
{11) will retract into the cavities (12} in the segment
(2). Locomotive forceisproducedasthebellow (11) extends
to push agalnst the internal walls of the organ. Being
flexible radially, the bellow (ll1) may bend towards the
ropot's 1 main body when 1t comes intc contact with the
crganic walls. Further extenslon of the bellow (11) will
coentinue to bring about forward locomotive forces. This
collapsible mechanism is a safe-guard against puncturing
and perforation of the delicatewalls. To prevent slippage
at the point of contact, the bellow (11) may be padded as

shown by (l4) to increase the surface area of contact.

Fig. 6 shows a flowchart of a contxcl means (60} which
controls the sequence by which thebellows (11)are extended
or retracted. Each set of bellows {11) within one segment
(2) or even each individual bellow (11) may be activated
independently. Inaccordancewiththe present invention,
theuser operatesthercbot (1) viaagraphical user interface
developed using a computer program run on a desktop PC (62) .
Thisprogramisresponsible formost of the contrel functions
of the robot (1}). With the aid of a data acguisiticn system
(63), it controls the type of gait sequence to be used,

its speed and the robot’s ability to insufflate or deflate
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the colon. This is done by opening or closing independent
solencid valves (61) which allow air pressure or vacuum
to pass into the resgpective actuators in the robot (1}.
The steerable distal head cof the reobet (1) ls actuated by
2 DCmotors {(80). The user controls a 2-axis joystick {64)
to indicate the position he wants the head to bend tc. The
changes in the voltages of the corresponding potenticometers
are sensedby thedata acquisitionsystem (63) . Thecomputer
program then processes this data into encoder (65) readings
corresponding to thedesiredposition. Ananaloguevoltage
signal is passed via the data acguisition system (63) to
operate the motors (80). The computer program will ensure
that Che polarity of the input voltage will cause the motor
{(80) to turn in the desired directicn. The program also
constantly reads the actual encoder {65) readingviaa3—-axis
quadrature encoder (65)and ccounter card (66), When the
encoder (£5) reading comes into a range close to the desired
reading set by the joystick (64}, the program will cause
the motor {B80) to decelerate and finally step. If the motor
{80) overshoots this range, the pregramwill cause the motor
(80) toadjust Ltself back intc therange. Themoniter (80],
the light scurce (67) and the image processor (68) are
equipment required to retrieve the robot’s endoscopic view.

Fig. 5 illustrates a gait sequence which 1s used to
locomote the present robot {1) and Fig. 7 shows a gait (50)
in which the sets of bellow actuators (11l) are activated
antagonistically in accordance with the present invention.
In the present embodiment, the robot (1} can be made to
locomote using a plurality of varicus types of gaits (50 } .
As shown in FIG. 5, there is shown how alternate sets of
bellows (11} are sequenced to extend and retract
simultaneously to bring abeout forward locomotion.
Depending on the number ¢f segments (2) in the robot (1),
the plurality of gaits (50) may be designed for cptimum
performance relating to speed, ability to advance agalinst

gravity or ability to advance through difficult bends. To
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extract the robet (1) from the tubular organ, all bellows
(11) are retracted. The user then pulls cut the robot 1
holding onto the proximal tail (2) end. In accordance with
the present invention, the movement of the robot (1) depends
solely on the pushing force of the bellows actuators (11).
The pressurized air is introduced into the raobot (1}, the
bellow actuators (11} will start to inflate, growing
longitudinallyuntil it touches thecolonwalls at 45 degrees.
If the friction is arranged to be large enough so that the
point of contact does not slide, there will be a resultant
force that pushes the robot (1) forward. When a vacuum
is introduced instead, the beliow {11} wculd collapse such
that thelr tips touch thelr bases. Dependingcen the control
means (60), different bellow actuators {11} canbe inflated
or deflated at different tTimes. This results in many
different types of locomotive gaits (50} which propels the

robot (1) forward.

In accordance with the present invention, the distal
end ¢f the rcokot (1) 1s steerable like a conventicnal
endoscope. This is to facllitate positioning of surgical
tools and more precise inspection activities. Fig. 8
illustrates the gear box with motors (80) which is designed
to turn coencentric shafts of the robot(1). A plurality of
lead wires connected to motors (80} located outside the
robot (1) may be used to activate a steering mechanism (15)
embedded in the front two segments (2} . Tn accordance with
the present invention, four lead wires (not shown) exit
from the bending tube (nct shown) which i1s situated at the
distal end of the robot (1). These wires are placed 30
degrees apart. To enable the robot's head to flip, one or
twowiresmustbepulledwhile thewires oppositebe released.
The greater the displacement of the wires, the greater the
bending angle. 7Two wires at 180 degrees apart will form
an antagonlistic palr and 1s responsibhle for bending

movements in one axls. The other ends of the four leadwires
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are connected to two concentric shafts. Each pair of wires
{180 degrees apart) is connected to each shaft. By turning
these shafts, pulling forces are generated on the wires
which will bring about bending movements af the robot head.
The control system, will determine which shaft should be
turned and by how much te steer the head in a particular
direction with a particular radius of curvature. As shown
in Fig. 8, there 1s shown a gearbox with motors specially
designed to turn the concentric shafts. The gearbox (82)
generally consists of two worm gear sets (83) and two DC
motors {80). The worm gear set (83) zcts as a self lecking
mechanism to hold the bending head in a required position

thus preventing back drive.

In another preferred embodiment of the present
invention, an autoncmous robot (1) capable of advancing
in pipes of small diameters is also disclosed. The robot
(1) comprises a piurality of rigid cylindrical segments
(2} connected together by a plurality of flexible
articulated joints (3). The articulated joints (3) that
connect the segments (2) allow the reckot {1} to conform
to the different bends and curvature found in pipes. The
distal end of the segment {2} houses a charge coupled camera
(7} and a light source (4) responsible for the robot’'s (1)
vision. Referring to FIG. 4, attached circumferentially
round each segment (2) is a plurality of electrically or
pneumaticallyor hydraulicallydriven iinear actuators (16) .
These linear actuatcrs (16) are attached, by proximal ends,
to cavities in the segments and are positicned skewed
sideways with respect to the longitudinal axis of the body
of the robot (1} with their distal ends pointing radially
away from the robot {1l}). Lecomotive force is produced as
the linearactuator (16) extends topushagainst the internal
walls of the pipe. The linear actuator (16) can also be
retracted intc the segments {2) such that it dees not hinder

locomotion when the robot {1) advances.
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The linear actuator (16) may be pivoted as shown in
(17) at its proximal end so as to enable it to swivel to
face the opposite direction (as shown inj) (18} to bring

ahout loccmotiocn in the reversed direction.

The contrel means (60} controls the sequence by which
the linear actuators [16) areactivated. Eachsetof linear
actuators (16) or even each individual linear actuatoer (16}
canbe activated independently. Therobot (1) inaccordance
with the present invention can be made to locomote using
a2 plurality of various types of gaits (50). As mentioned
earlier, FIG. 3 illustrates how alternate sets of linear
actuators (16) are seguenced t¢ extend and retract
simultaneously to bring about feorward locematicon. The
plurality of gaits (50) may be designed for optimum
performance relating to speed, ability to advance against
gravity or ability to advance throughdifficult bends. The
central cavity (8) in the robot (1) is used to house a power
source {69), the control means {60}, transmitter and other

peripherals required of an autonomous system.

According to the present inventicn, the distal end
of the robot (1) is steerable to facillitate inspection and
direction of advancement. Minlature moetors may be used to
activate a steering mechanism (15) embedded in the front
two segments (2), and the steerable mechanism is driven

by shape memory alloy wires,

The locomotion aspects of the present invention may
be appiied in any elongated passage having an elastlic or
rigid, tubular wall. Although only two embodiments have
been shown and described, itwouldbeobvioustothoseskilled
in the art that many modifications to the present robot

(1) is pessible without departing from the spirit and scope

of cur invention.
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CLAIMS
1. A robotic enduscope for perfcorming endoscopic

precedures in a tubular organ comprising:

{a]l a plurality of segments, connected together by
aplurality of flexible articulated joints, havinga distal
end;

(bl aplurality of flexible linear actuators attached,
skewed sideways with respect to the longitudinal axis and
dramatically axis of said robot, circumferentially round
each segment;

(c)a central cavity running longitudinally through
said robot which houses a plurality of optical fibres, a
water/air hose, an instrumentation channel and a plurality
of electrical wires associated with an imaging means being
mounted at the distal end of the robot; and

{(d) @ network of tributary channels for the

distribution of pressure to said linear actuatocrs.

2. The robotic endoscope of claim 1, wherein said
articulated joints connecting the segments possess three
passive degrees of freedom to allow the rckot to conform

te different curvatures.

3. The roboticendoscopeofclaiml, whereintheplurality

of linear actuators are rubber hellows.

4. The robotic endoscope ©of ¢laim 1, wherein the linear

actuators are driven by pneumatics or hydraulics.

5. The robotic endoscope of claim 1, wherein a plurality
of gaits is Implemented for optimum performance relating
to speed, and ability to advance against gravity or abllity

cf advance through difficult bends.

6. The robotic endoscope of claim 1, wherein the distal

end of the segments is steered by lead wires connected to



1) uoboooboooboaobod

an electric motors.

7. The robotic endoscope of claim 1, wherein the distal
end of the segments is steered by lead wires connected to

a plurality of shape memory alloy wires.

8. The robotic endoscope of claim 1 or 3, wherein the

linear actuators 1s padded at the tip of the bellow.

9. The robotic endoscope of claim 1, wherein the imaging

means 1s a charge couple camera.

10. The robetic endoscope of claim 1, wherein the segment

is cylindrical.

11. an autonomous robot capable 0f advancing in pipes of
small diameters comprising:

fa} a plurality of segments, connected together by
aplurality of flexible articulated jeoints, having a distal
end;

(k) a plurality of electrically (or pneumatically or
hydraulically) driven linear actuators attached, skewed
sideways with respect to the longitudinal axis of the robot,
clircumferentially round each segment;

{(c) a central cavity running lengitudinally through
the rcbot which houses a power source, a control means,

and a transmitter for an autonomous.

12. The autonomous pipe rcbot of claim 11, whereln the
pluralityof thearticulated jeints connecting the segments
possessthreedegrees of freedomtoallowthe robot toconform

toe different curvatures.

13. The autonomous pipe robot of claim 11, wherein a
plurality of gaits is implemented for cptimum performance

relating to speed, ability to advance against gravity or
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abllity to advance through difficult bends,

14. The autonomous pipe rchot of claim 11, wherein said

distal end of the segments 1s steered by minlature motors.

15. The autconomous pipe robot of cliaim 11, whereln said
distal end of the segments is steered by shape memory alloy

wires.

16. The autonomous pipe robot of claim 11, wherein an

imaging means is mounted at the distal end of the segments.

17. The autonomous pipe robot of claim 11, wherein the

imaging means 1s a charge couple camera.

18. The autoncmous pipe robot of claim 11, whereln the
linear actuators are swivellable to opposite direction to

facilitate backwards propulsion.

19. The autonomous pipe robot of ciaim 11, wherein the

plurality of segments are rigid cylindrical shape.
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A ROBOTIC ENDOSCOPE AND AN AUTONOMOUS PIPE ROBOT FOR
PERFORMING ENDOSCOPIC PROCEDURES

ABSTRACT OF THE DISCLOSURE

A robotic endoscope for performing endcscoplc procedures
in a tubular organ comprising: (a) a plurality of segments,
connected together by a plurality of flexible articulated
jolnts, having a distal end; (b)a plurality of flexible
linear actuators attached, skewed sideways with respect
to the longitudinal axis of said robot, circumferentially
round each segment; {c)a central cavity running
longitudinally through said robot which houses a plurality
of optical fibres, a water/air hose, an instrumentation
channel and a plurality of electrical wires asscciated with
an imaging means being mcunted at the distal end of the
robot; and(d) a network of tributary channels for the
distribution of pressure to sald linear actuators, 1is
disclesed. The present Invention alsoc discloses an

autoncmeous plipe robot.
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