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DEVICE FOR PIPE INSPECTION AND
METHOD OF USING SAME

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a divisional application of U.S. appli-
cation Ser. No. 12/611,641, filed on Nov. 3, 2009, which
claims the benefit of the earlier filing date of U.S. Provi-
sional Patent Application No. 61/110,870 filed on Nov. 3,
2008, the contents of each earlier application are incorpo-
rated by reference herein.

BACKGROUND

This application discloses an invention which 1s related,
generally and in various embodiments, to devices utilized
for pipe ispection and a method of using the same.

Information from water and sewage pipes has immense
environmental, civil, and commercial value. Often, such
environments are space constrained and generally 1ll-suited
for people to access and labor. In some 1nstances, compact,
sensory-tailored robotic systems are utilized to gather infor-
mation associated with the pipe environment.

A variety of circumstances can cause the robot’s perfor-
mance to be less than adequate. For example, as illustrated
in FIG. 1, robots 62 which utilize wheels 60 or narrow tracks
often encounter debris 61 or other obstacles 1n the pipe 59
which the robot 62 1s unable to navigating past or through.
In many situations, the wheels 60 or narrow tracks of the
robot 62 do not come in contact with the debris 61 1n the
center of the pipe 59. In such situations, the robot 62 1s not
able to climb over the debris 61 and continue its movement.

Also, as 1llustrated in FI1G. 2, when robots 62 which utilize
wheels 60 attempt to navigate past or through hard debris 61
or other obstacles 1n a pipe, the robot 62 can become
immobile and stuck 1n a “high centered” position. Once the
front of the robot 62 drives over the hard debris 61 or
obstacle, the front wheels are often lifted and provide no
traction for the robot 62. Additionally, as most of the robot
weight 1s transferred directly to the debris 61 or obstacle, the
rear wheels do not have much weight applied to them, and
generally are unable to provide enough force to create any
further movement of the robot 62 in the pipe 59. Robots
which utilize narrow tracks generally experience similar
problems when the debris or obstacle 1s positioned between
the tracks, either 1n front of or below the body.

Robots which utilize a conventional track and pulley
system often sufler from jamming of the track system 68,
thereby rendering the robot immobile. As shown 1n FIG. 3,
the pulley 69 generally defines a continuous series of teeth
and valleys around the circumierence of the pulley, and the
track 70 defines a continuous series of teeth and valleys
which cooperatively engage with teeth and valleys of the
pulley. With this configuration, even small particulate can
cause large problems. Any particulate that enters the system
and settles 1n a valley of either the pulley or the track can
cause meshing problems between the track and the pulley
once the particulate reaches the pulley-track interface. The
particulate in the valley operates to lift the track off of the
pulley, thereby placing an increased tension on the track,
requiring the motor to work harder and harder to move the
track, and potentially causing the jamming of the track
system.

In many configurations, compact robots utilized to
explore, navigate, map, etc. include a winch mounted to the
exterior of the robot. The winch 1s utilized to reel in the
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tether, thereby pulling the robot back towards its starting
position. Because the tether often operates to carry power
and/or control data to the robot, and data from the robot to
a device external to the pipe for processing, the tether tends
to be relatively large and heavy, thereby adding unnecessary
size and weight to the robot. In addition, as shown 1n FIG.
4, the capstan 1s typically a flat-bottomed capstan which
facilitates cable movement 1n only one direction. With the
flat capstan profile, the tether often tends to walk to one side
and become tangled as 1t 1s run continuously.

For exterior mounted winch configurations, odometry 1s
traditionally performed by a mechanical counter in contact
with the pulley so that the counter increments 1ts count with
each revolution of the pulley. In order to avoid corrosion and
other problems with the counter, the winch typically requires
that a seal be utilized to 1solate the counter from the
environment 1n the pipe.

Leaving a manhole cover in an open position for any
length of time while the robot 1s gathering information can
also result 1n the robot’s performance being less than ideal.
Inside typical underground pipe systems, the temperature 1s
relatively constant (e.g., around 50 degrees Fahrenheit), and
the humidity 1s relatively constant and relatively high. When
a manholes cover 1s left 1n an open position, cold surface air
typically enters the pipe, and a dense fog can form due to the
relatively high temperature and humidity of the existing air
in the pipe. The fog can be so dense that 1t can prevent proper
visual observation of the pipe wall, thereby preventing some
defects from being observed.

SUMMARY

In one general respect, this application discloses a device.
According to various embodiments, the device includes a
sensor portion and a chassis portion. The sensor portion
includes a plurality of sensing devices. The chassis portion
1s connected to the sensor portion and includes a first track
and a second track. The second track 1s positioned adjacent
the first track. The first and second tracks cooperate to
substantially cover an entire width of the chassis portion.

In another general respect, this application discloses a
method for inspecting an interior of a pipe. The method 1s
implemented by a device. According to various embodi-
ments, the method includes traversing the pipe, and captur-
ing data associated with the pipe while the pipe 1s being
traversed. The traversing and the capturing are performed by
the device while a manhole through which the device gained
access to the pipe 1s closed.

Aspects of the invention may be implemented by a
computing device and/or a computer program stored on a
computer-readable medmum. The computer-readable
medium may comprise a disk, a device, and/or a propagated
signal.

BRIEF DESCRIPTION OF THE DRAWINGS

Various embodiments of the invention are described
herein 1n by way of example in conjunction with the
following figures, wherein like reference characters desig-
nate the same or similar elements.

FIG. 1 illustrates a conventional wheeled robot;

FIG. 2 illustrates a conventional wheeled robot;

FIG. 3 illustrates a conventional toothed pulley-track
arrangement of a robot;

FIG. 4 illustrates a tlat capstan profile of a winch;

FIG. 5 1llustrates various embodiments of an autonomous
mobile robot;
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FIG. 6 illustrates a smooth outer edge of a track of the
robot of FIG. §;

FIGS. 7 and 8 illustrate exploded views of a chassis
portion of the robot of FIG. 5 according to various embodi-
ments;

FIG. 9 illustrates an exploded view of a first drive
assembly of the chassis portion of the robot of FIG. §
according to various embodiments;

FIGS. 10 and 11 1llustrate examples of studs of a pulley
engaging with a track;

FIG. 12 1llustrates an exploded view of a reel system of
the chassis portion of the robot of FIG. 5 according to
various embodiments.

FIG. 13 illustrates an exploded view of the winch assem-
bly of the chassis portion of the robot of FIG. § according
to various embodiments;

FIG. 14 illustrates various embodiments of a capstan of
the winch assembly of FIG. 13;

FIG. 185 illustrates an exploded view of a clutch of the
winch assembly of FIG. 13 according to various embodi-
ments.

FIG. 16 1llustrates the relationship of a capstan and a
clutch of the winch assembly of FIG. 13 1n various operating
modes;

FIG. 17 illustrates various embodiments of a payout
assembly of the chassis portion of the robot of FIG. 5; and

FIGS. 18-21 illustrate the robot of FIG. § at various stages
of deployment.

DETAILED DESCRIPTION

It 1s to be understood that at least some of the figures and
descriptions of the invention have been simplified to 1llus-
trate elements that are relevant for a clear understanding of
the 1nvention, while eliminating, for purposes of clarity,
other elements that those of ordinary skill in the art will
appreciate may also comprise a portion of the invention.
However, because such elements are well known 1n the art,
and because they do not facilitate a better understanding of
the invention, a description of such elements 1s not provided
herein.

FIG. 5 1llustrates various embodiments of a device 10. For
purposes of clarity, a partially exploded view of the device
10 1s shown 1n FIG. 5. As explained 1n more detail herein-
after, the device may be utilized to navigate, explore, map,
etc. various environments (e.g., water pipes, sewer pipes,
etc.). For purposes of simplicity, the device 10 will be
described 1n the context of an autonomous mobile robot 10
utilized for pipe inspection (e.g., a sewer pipe). However, it
will be appreciated that the device 10 may be embodied in
any number of different types of inspection platiorms,
including non-autonomous devices and tele-operated
inspection platforms, and may be utilized in a plurality of
other environments.

The autonomous mobile robot 10 includes a sensor por-
tion 12 and a chassis portion 14. The sensor portion 12 1s
electrically and mechanically connected to the chassis por-
tion 14. As shown 1n FIG. 5, the autonomous mobile robot
10 may also include a riser portion 16 which 1s positioned
between the sensor portion 12 and the chassis portion 14,
and 1s electrically and mechanically connected to each. The
riser portion 16 operates to increase the distance the sensor
portion 12 1s situated above the lowest portion of the pipe,
and may be utilized 1n large pipe applications to provide a
desired vantage point for various sensing devices of the
sensor portion 12. According to other embodiments, the
autonomous mobile robot 10 does not include the above-
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described riser portion 16. Aspects of the autonomous
mobile robot 10 may be implemented by a computing device
and/or a computer program stored on a computer-readable
medium. The computer-readable medium may comprise a
disk, a device, and/or a propagated signal.

According to various embodiments, the sensor portion 12
includes a plurality of sensing devices (e.g., a camera, a
radar device, a sonar device, an infrared device, a laser
device, etc.) for sensing the conditions within the environ-
ment, a computing device communicably connected to the
sensing devices and having a processor for processing raw
information captured by the sensing devices, a memory
device communicably connected to the computing device
for storing the raw and/or processed information, and con-
trol circuitry communicably connected to the computing
device for controlling various components of the autono-
mous mobile robot 10. The memory device may also be
utilized to store software which 1s utilized by the autono-
mous mobile robot 10 to navigate, explore, map, etc. the
environment.

As shown 1n FIG. 5, the chassis portion 14 includes a first
track 18, and a second track 20. According to various
embodiments, the first track 18 1s identical to the second
track 20. The first and second tracks 18, 20 may be fabri-
cated from any suitable material or combination of materi-
als, and may be fabricated as belts. According to various
embodiments, the first and second tracks 18, 20, are fabri-
cated from bonded elastic synthetic rubbers and polymers,
and may additionally include steel or other members placed
within or on the rubbers and polymers to increase their
strength. The first and second tracks 18, 20 each define a
plurality of openings 22 therethrough. The openings 22 may
be of any suitable shape and size, and may be arranged in
any suitable configuration. Although only two rows of the
openings 22 are shown in FIG. 5 for each ftrack, 1t 1s
understood that the openings 22 may be arranged 1n any
number of rows. The first track 18 1s positioned adjacent the
second track 20. Collectively, the first and second tracks 18,
20 define a spacing therebetween, and cover substantially
the entire “width™ of the chassis portion 14. For example,
according to various embodiments, the width of the chassis
portion 1s approximately 100 millimeters, and the first and
second tracks 18, 20 collectively cover approximately 92 of
the 100 millimeters.

The first track 18 defines a first surface 18a and a second
surface 180 (not shown) opposite the first surface 18a.
According to various embodiments, the first surface 18a 1s
the surface which comes 1n contact with an interior surface
of a sewer pipe when the autonomous mobile robot 10 1s
being utilized for a sewer pipe application. According to
various embodiments, the first surface 18a of the first track
18 1s substantially smooth. Similarly, the second track 20
defines a first surface 20a and a second surface 206 (not
shown) opposite the first surface 20a. According to various
embodiments, the first surface 20a 1s the surface which
comes 1n contact with an interior surface of a sewer pipe
when the autonomous mobile robot 10 1s being utilized for
a sewer pipe application. According to various embodi-
ments, the first surtace 20a of the first track 20 1s substan-
tially smooth. The respective first surtaces 18a, 20a of the
first and second tracks 18, 20 have a relatively high static
coellicient of friction. For example, according to various
embodiments, the static coetlicient of friction of the respec-
tive first surfaces 18a, 20a 1s approximately 1.0. In general,
the static coeflicient of friction of the respective first tracks
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18a, 20a 1s approximately 0.8 or greater, which allows for
good adhesion between the tracks 18, 20 and the interior
surface of the sewer pipe.

According to various embodiments, the respective second
surfaces 185, 2056 of the first and second tracks 18, 20 are
also substantially smooth. For such embodiments, the
respective second surfaces 18bH, 200 may have a static
coellicient of friction which 1s identical to that of the
respective first surfaces 18a, 20a. For embodiments where
the respective first surfaces 18a, 20a and the respective
second surfaces 1856, 205 of the first and second tracks 18,
are substantially smooth, when the respective first surfaces
18a, 20a become too worn, the first and second tracks 18, 20
can be removed and rotated (e.g., the first track 18 takes the
place of the second track 20, and the second track 20 takes
the place of the first track 18). By taking this action, different
edges of the first and second tracks 18, 20 are placed mto
contact with the interior surface of the sewer pipe. By
changing which drive assembly the first and second tracks
18, 20 are utilized with, the usable life of the first and second
tracks 18, 20 1s effectively doubled.

The first and second tracks 18, 20 may be referred to as
tull coverage/wide tracks. Due to the collective width of the
first and second tracks 18, 20 relative to the width of the
chassis portion 14, the first and second tracks 18, 20 col-
lectively form nearly the entire “front”, “bottom” and “rear”
surfaces of the chassis portion 14. Thus, when the autono-
mous mobile robot 10 encounters any debris or feature
within the sewer pipe, the first surfaces 18a, 20a of the first
and second tracks 18, 20 come 1n contact with the debris or
feature. In contrast to wheeled robots and narrow track
robots, the full coverage/wide tracks 18, 20 are configured to
enable the autonomous mobile robot 10 to climb over the
debris or feature and continue performing the inspection,
navigation, mapping, etc. For example, since nearly the
entire “front” surface of the autonomous mobile robot 10 1s
a moving track surface, any debris or feature of suflicient
vertical size encountered 1n the pipe will first hit this moving
track surface, and little 1t any will hit a static part of the
chassis portion 14. Also, since nearly the entire “bottom™
surface of the autonomous mobile robot 10 1s this moving
track surface, any encountered debris or feature below the
autonomous mobile robot 10 will first hit this moving track
surface, and little 11 any will hit a static part of the chassis
portion 14. Additionally, nearly all of the weight of the
autonomous mobile robot 10 passes through the moving full
coverage/wide tracks 18, 20 to the encountered debris or
feature. Therefore, the autonomous mobile robot 10 1s
configured to always continue driving as the full coverage
tracks 18, 20 can not rotate without contacting something to
react with and continue driving.

FIG. 6 illustrates various embodiments of the first surface
18a of the first track 18 of the autonomous mobile robot 10.
As explained hereinabove, the first and second tracks 18, 20
may be 1dentical. For embodiments where the first surfaces
18a, 20a of the first and second tracks 18, 20 are substan-
tially smooth, the first and second tracks 18, 20 have the
unique ability to cut through grease deposits encountered in
pipes (e.g., the grease deposit 67 shown in the pipe 65 in
FIG. 6), thereby allowing for subsequent positive movement
of the autonomous mobile robot 10. The respective first
surfaces 18a, 20a are long and smooth, and generally have
the entire weight of the autonomous mobile robot 10 applied
to them. The weight, plus the continuous driving of the
respective first surfaces 18a, 20a serve to operate as a
squeegee or scraper, cutting through the layers of grease
until the wall of the pipe 1s contacted. Once the wall of the
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pipe 1s contacted, the autonomous mobile robot 10 regains
its traction, thereby allowing the movement and inspection
to continue. Mobility platforms which include tracks having
teeth or protuberances do not exhibit this ability. Every tooth
valley acts as a collection chamber for the grease, picking 1t
up and lying 1t back down. For such mobility platforms, the
track never reaches the surface of the pipe because the track
does not cut through the grease.

FIGS. 7 and 8 illustrate exploded views of the chassis
portion 14 according to various embodiments. For purposes
of clarity, the first and second tracks 18, 20 are not shown 1n
FIG. 7. The chassis portion 14 includes a first drive assembly
24 and a second drive assembly 26. The chassis portion 14
also includes a reel system 27 (See FIG. 12) which includes
a winch assembly 28, a payout assembly 59 (See FIG. 12),
and a spindle assembly 29 (See FIG. 12). For purposes of
clarity, the payout assembly 59 and the spindle assembly 29
are not shown 1n FIG. 7 or FIG. 8. The reel system 27 and
its components will be described in more detail hereinatter.
As shown 1n FIG. 8, the chassis portion 14 may also include
one or more batteries 30 utilized to provide power to both
the chassis portion 14 and the sensor portion 12. The
location of the batteries 30 and the design of the panel
behind which the batteries 30 are sealed allows for quick
battery removal and replacement when needed. The chassis
portion 14 further includes control circuitry communicably
connected to the first and second drive assemblies 24, 26,
and the reel system 27. The control circuitry operates to
intelligently control the rotational speed and force of the first
and second drive assemblies 24, 26, the winch assembly 28,
and other components of the reel system 27.

FIG. 9 illustrates an exploded view of the first dnive
assembly 24 according to various embodiments. According
to various embodiments, the second drive assembly 26 1s
identical to the first drive assembly 24. As shown 1n FIG. 9,
the first drive assembly 24 includes a drive motor 32 (and
speed-reduction gear train), and a drive pulley 34 coupled to
the motor 32. The drnive pulley 34 includes a plurality of
studs 36 (e.g., protuberances) which extend outward from a
surtace of the drive pulley 34. The studs 36 may be of any
suitable size and shape, and may be arranged 1n any suitable
configuration about the circumference of the drive pulley 34.
According to various embodiments, the drive pulley 34
defines deep channels or grooves around the circumierence
of the pulley which operate to further allow any remaining
particulate to be removed, thereby preventing the jamming
of the first track 18. A given channel or groove may be
positioned between the rows of studs 36, adjacent a given
row of studs 36, etc. Although only two rows of studs 36 are
shown 1n FIGS. 9 and 10, 1t will be appreciated that the studs
36 may be arranged 1n any number of rows. In general, the
arrangements of the studs 36 and the openings 22 are
compatible so that when the first track 18 1s revolving
around the chassis portion 14 (1.e., around the drive assem-
bly 24, toward the winch assembly 28, around the winch
assembly 28, and back toward the drive assembly 24) the
studs 36 on the drive pulley 34 are engaged with openings
22 on the first track 18.

Examples of such an engagement are shown in FIG. 11.
As shown 1n FIG. 11, when the studs 36 of the drive pulley
34 are engaged with the openings 22 defined by the first
track 18, rotation of the drive pulley 34 1n the “A” direction
causes the first track 18 to rotate in the “A” direction,
thereby moving the robot 10 forward. In the studded drive
configuration, there are no small tooth valleys for particu-
lates to collect and stay positioned 1n. Any particulate that
ends up on the drive pulley 34 or the interior surface of the
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first track 18 can work 1its way out through the openings 22
in the first track 18 where the studs 36 mesh. Therefore, the
first and second tracks 18, 20 may be considered to be
self-cleaning tracks.

Due to the above-described drive assemblies 24, 26 and
the self-cleaning full coverage/wide tracks 18, 20 of the
autonomous mobile robot 10, the traditional pipe cleaning
required prior to the deployment of wheeled robots and
narrow track robots may not be necessary prior to the
deployment of the autonomous mobile robot 10.

FI1G. 12 1llustrates an exploded view of the reel system 27
according to various embodiments. The reel system 27
includes the winch assembly 28, the payout assembly 59,
and the spindle assembly 29, all coupled together via a tether
38 (See FIG. 14). For purposes of clarity, the winch assem-
bly 28 and the tether 38 are not shown 1n FIG. 12. As the
robot 10 1s autonomous, the tether 38 does not need to carry
any power and/or data, and essentially serves as a lifeline. As
a result, the tether 38 can be much smaller than a comparable
tether which 1s utilized to carry power and/or data to a robot.
According to various embodiments, the tether 38 1s made of
a braided synthetic fiber, but other embodiments could be
made as a monofilament or braid of plastic or any other
suitable material. Primary mechanical characteristics of the
tether 38 may include low stretch under load (to minimize
error of distance measurement), high breaking strength (to
allow emergency extraction of the autonomous mobile robot
10 1n the event 1t became stuck or wedged by dragging 1t out
of the pipe through a manual or externally powered device),
small bend radius and low susceptibility to kinking (to easy
movement of the tether 38 1n and out of the autonomous
mobile robot 10), high chemical and environmental resis-
tance (as the pipe environment 1s often corrosive, acidic,
basic, salty, or possessing other hazardous characteristics
and the outdoor environment possesses high ultraviolet
radiation and extreme temperatures), and high resistance to
wear (to minimize strength loss due to handling and rubbing
of components of the pipe or autonomous mobile robot 10).
As described 1n more detail hereinafter, the tether 38 may
have a protective tiger tail connected thereto, and may also
have a tiger tail bar connected thereto.

The spindle assembly 29 comprises a tether spindle 40, a
drive motor 42 (and a speed-reduction gear train) connected
to the tether spindle 40, and a levelwind system 3$8. As the
tether 38 advances past the payout system 59, the tether 38
contacts the levelwind system 58 while passing there-
through, and 1s wrapped multiple times around the tether
spindle 40. The length of tether 38 wrapped around the tether
spindle 40 decreases as the robot 10 advances. The level-
wind system 58 operates to lay the tether 38 onto the tether
spindle 40 1n an even manner, thereby preventing the tether
38 from bulging up at only one location on the tether spindle
40.

FI1G. 13 illustrates an exploded view of the winch assem-
bly 28 according to various embodiments. The winch assem-
bly 28 includes a drive motor 44 (and a speed-reduction gear
train), a capstan drum 46, and a clutch 48. The capstan drum
46 1s coupled through the clutch 48 to the motor 44. The
motor 44 may have a higher torque than the motor 42. The
winch assembly 28 may be utilized by the robot 10 to
perform emergency selif-extraction. The winch assembly 28
may also be utilized to allow the robot 10 to lift itself up out
of a given pipe at the end of an inspection, exploration,
mapping, etc. As the tether 38 enters the robot 10, the tether
38 1s wrapped multiple times around the capstan 46 (e.g., for
two, three, or four loops) and 1s generally under a constant
tension between the tether spindle 40 and the capstan 46
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8

through force provided by the motor 42. As shown in FIG.
14, the capstan 46 defines a curved profile (as opposed to a
flat or coned profile) which operates to prevent the tether 38
from climbing up on itself and tangling.

FIG. 15 1illustrates an exploded view of the clutch 48
according to various embodiments. The clutch 48 includes a
drive cam 50, first and second drive keys 52, and a housing
54. When the autonomous mobile robot 10 advances, tether
38 exats the chassis portion 14 by way of several wraps
around the capstan 46. Any movement of the tether 38
causes the capstan 46 to turn, and any other part of the
autonomous mobile robot 10 connected to the tether 38. By
disconnecting the motor 44 from the capstan 46 when the
autonomous mobile robot 10 1s moving forward, the capstan
46 1s free to spin by 1itself and the motor 44 remains
stationary. If the motor 44 were always connected to the
capstan 46, 1t would be back driven by the tether 38 exiting
the chassis 14, resulting 1n high parasitic drag. To achieve
this disengagement, and the resultant lower parasitic drag
without additional actuators, the motor 44 rotates in one
direction which causes the drive cam 50 and 1ts pins 57 to
suck the drive keys 52 radially inward and within the outer
diameter of the clutch housing 54. When the autonomous
mobile robot 10 1s moving backward and/or retrieving tether
outside the autonomous mobile robot 10, the motor 44
rotates 1n the opposite direction. This causes the drive cam
50 to push the drive keys 52 radially outward, past the outer
diameter of the housing 54 and into slots (not shown) the
capstan 46. Once the keys 52 are 1n the capstan 46 slots,
continued motor 44 rotation will result in rotation of the
capstan 46 and powered retrieval of tether 38 outside the
robot 10 to 1its interior. FIG. 16 illustrates the relationship of
the capstan 46 and the clutch 48 1n various operating
modes—with the capstan 46 engaged, with the capstan 46
disengaging, and with the capstan 46 disengaged.

FIG. 17 illustrates various embodiments of the payout
assembly 59. The payout assembly 59 includes an encoder
magnet 56, a roller 71, and an encoder chip 72. As the tether
38 exits the capstan drum 46 of the winch assembly 28 1n the
direction of the spindle assembly 29, the tether 38 1is
wrapped around the roller 71 (e.g., wrapped once around the
roller) betfore the tether 38 advances to the spindle assembly
29. The encoder magnet 56 1s coupled to the roller 71 and 1s
utilized by the autonomous mobile robot 10 to perform
odometry or position measurement. As described in more
detail hereinatter, the tether 38 i1s anchored at the insertion
manhole and 1s drawn out of the autonomous mobile robot
10 as the autonomous mobile robot 10 advances while
ispecting a target pipe. As the tether 38 enters or exits the
chassis portion 14, the movement of the tether 38 turns the
roller 71 that it 1s wrapped around. Therefore, movement and
absolute linear position of the autonomous mobile robot 10
within the pipe may be measured by counting the number of
rotations of the roller 71 via its coupled magnet 56. As the
magnet 56 rotates, 1ts magnetic field rotates and that rotation
can be measured via the encoder chip 72, even through the
solid wall of the chassis portion 14 between them. This
non-contact payout mechanism has no shaft seal which
could wear and fail or which could cause parasitic drag to
the movement of the tether 38.

In contrast to traditional systems where the tether 1s pulled
through the pipe from a reel external to the pipe, the
autonomous mobile robot 10 lays tether 38 statically into the
inspected pipe from the autonomous mobile robot 10. There-
fore, the autonomous mobile robot 10 experiences much less
drag from 1its tether 38 than traditional systems, resulting 1n
increased mobility and capability 1n inspecting pipe. The
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autonomous mobile robot 10 1s generally freed of towed-
tether related drag and snag 1ssues, allowing the autonomous
mobile robot 10 to have equal or better mobility than
traditional inspection platforms, while having a smaller &
lighter physical profile and lower power consumption.

According to various embodiments, the robot 10 1s
approximately 500 millimeters in length, approximately 120
millimeters 1n width, and approximately 125 millimeters in
height. The relatively compact physical size of the robot 10,
when combined with the drive system described herein-
above, allows the robot 10 to bypass obstacles that a larger
platform would be unable to traverse. According to various
embodiments, the robot 10 1s waterproot (e.g., to IP68 or
better, and positively pressurized) so 1t can drive through
flooded pipe bellies and 1s easily disinfected by immersion
in a cleaming solution after use. According to various
embodiments, the reel storage area, payout measurement
area, and all passageways leading to and from are unsealed
and flood when the robot 10 1s submerged. For such embodi-
ments, the rest of the robot 10, including the interiors of the
chassis portion 14 and sensor portion 12, 1s 1solated from the
external environment through a combination of o-rings,
shaft seal, and/or cured compounds.

FIGS. 18-21 1illustrate the autonomous mobile robot 10 at
various stages of deployment. The autonomous mobile robot
10 may be lowered through a manhole to gain access to a
pipe needing inspection. According to various embodiments,
a robot hanger (e.g., an in-chimney anchor) 1s secured 1n the
chimney, and the tether 38 1s coupled to the robot hanger,
thereby coupling the autonomous mobile robot 10 to the
robot hanger. The autonomous mobile robot 10 1s then
lowered to the bottom of the manhole and placed in front of
the pipe to be ispected. According to various embodiments,
the autonomous mobile robot 10 1s placed via a telescoping
deployment pole. The robot 10 may stay 1n a wait mode until
some time after the manhole 1s closed or 1t may start its
mspection immediately. For example, an internal timer of
the robot 10 may be set to activate the inspection process at
a future or optimal time. In either immediate or delayed
inspection, the manhole can be closed once the robot 10 1s
lowered, which allows for road traflic to resume normal flow
while the inspection 1s occurring. The crew 1s then able to
leave the site and begin another deployment at another site
with a second autonomous mobile robot 10, thereby increas-
ing the productivity of the crew.

For instances where the manhole cover 1s in the closed
position during the inspection, the pipe environment 1s
1solated from the surface environment. By closing the man-
hole after the robot 10 1s lowered, the amount of cold surtace
air which enters the pipe being inspected 1s limited, and the
amount of fog produced by the cold surface air 1s similarly
limited. Also, by delaying the start of the nspection until
some period of time after the manhole 1s closed, any fog
initially produced by the cold surface air can disperse,
thereby providing the autonomous mobile robot 10 with
better inspection conditions 1n the pipe. Additionally, by
delaying the start of the mspection to perform the inspection
at an optimal time (e.g., 1n the middle of the night when
water levels are generally lowest), more of the pipe surfaces
can be wvisually recorded and therefore more defects
observed 1n subsequent analysis.

A tiger tail system may be installed around to the tether
38. The tiger tail system 1ncludes a sleeve, and a bar or other
member coupled to the sleeve. Once the robot 10 1s lowered
to the pipe and begins to advance, the sleeve operates to
prevent the tether 38 from fraying due to contact with an
edge of the pipe where the bottom of the chimney meets the
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opening of the pipe. The sleeve may be fabricated from any
suitable material (e.g., plastic), and the tether 38 passes
therethrough. The bar or other member 1s generally perpen-
dicular to the sleeve, has a length which 1s greater than the
diameter of the pipe, and operates to properly position the
sleeve relative to the pipe opening. In contrast to the
traditional installation by a member of the crew at the edge
of the pipe opening, the tiger tail system 1s self installing.
When the robot 10 advances into the pipe, the sleeve 1is
pulled into place and the bar i1s pulled across the pipe
opening, thereby securing the sleeve 1n place without the
assistance of a crew member.

Once the pipe mspection 1s completed, the winch assem-
bly 28 may be utilized to return the robot 10 back to the
starting manhole, where the winch assembly 28 then oper-
ates to automatically lift the robot 10 up out of the bottom
of the manhole and 1nto the chimney where it hangs until 1t
1s retrieved. By removing itself from the pipe and the bottom
of the manhole, the robot 10 removes itself as a potential
impediment to flow within the pipe and manhole. The
retrieval of the robot 10 can take place at any time later, at
the convenience of the crew, and 1s a simple matter of
opening the manhole and lifting out the suspended waiting
robot 10 by removing the hanger. According to other
embodiments, the autonomous mobile robot 10 can drive
back to the starting manhole while retrieving tether 38 and
wait at the bottom of the manhole for the crew to return. For
such embodiments, the crew may retrieve the robot 10 by
removing the hanger and then using the telescoping deploy-
ment pole to lift the robot 10 out from the manhole.

Nothing 1n the above description 1s meant to limit the
invention to any specific materials, geometry, or orientation
of elements. Many part/orientation substitutions are contems-
plated within the scope of the invention and will be apparent
to those skilled 1n the art. The embodiments described herein
were presented by way of example only and should not be
used to limit the scope of the invention.

Although the invention has been described in terms of
particular embodiments 1n this application, one of ordinary
skill 1n the art, 1n light of the teachings herein, can generate
additional embodiments and modifications without depart-
ing from the spirit of, or exceeding the scope of, the
described invention. Accordingly, i1t 1s understood that the
drawings and the descriptions herein are proflered only to
facilitate comprehension of the invention and should not be
construed to limit the scope thereof.

What 1s claimed 1s:

1. A method for inspecting an 1nterior of a pipe, compris-

ng:

a) traversing the pipe with a mobile pipe inspection robot,
wherein the mobile pipe 1nspection robot comprises a
chassis portion having a first track and a second track
positioned adjacent to the first track, wherein the first
track and the second track cover a substantial width and
an entire length of the chassis portion, and are located
below a body of the mobile pipe inspection robot, with
a substantial portion of the first track and second track
located beneath the body of the mobile pipe 1nspection
robot; and

b) capturing data associated with an interior of the pipe
while the pipe 1s being traversed using a sensor
included in the body of the mobile pipe inspection
robot,

wherein the traversing comprises accessing a memory
device of the mobile pipe mspection robot to execute
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software configured to control the mobile pipe 1nspec-
tion robot as the mobile pipe inspection robot navigates
the interior of the pipe.
2. The method of claim 1, wherein the traversing 1s
performed automatically. 5
3. The method of claim 1, wherein the capturing is
performed automatically.

4. The method of claim 1, further comprising setting an
internal timer to start the traversing at a predetermine time.

5. The method of claim 4, wherein the predetermined time 10
corresponds to a wait mode.
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