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(57) ABSTRACT

A system and method for determining orientation of a
vehicle is provided. The method includes the steps of
providing a vehicle having a hinge joint such that sections of
the chassis are capable of rotation with respect to each other.
A first and second wheel is mounted to one and the other of
the chassis sections, respectively. Vehicle geometric data
defining a distance between the hinge joint and the centers
of'the first and second wheels, respectively, and the diameter
of the wheels is provided. Surface geometric data defining
the curvature of the surface can be provided. The angle of
rotation about the hinge joint is measured. An orientation of
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the vehicle relative to the surface based on the vehicle
geometric date, the surface geometric data, and the mea-
sured angle of rotation can be determined. A system and
method for determining the orientation of an object is also
provided.
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Fig. 5B
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Fig. 6C
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1
SYSTEM AND METHOD FOR
CALCULATING THE ORIENTATION OF A
DEVICE

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This [application] is a reissue application of U.S. Pat. No.
9,851,721, which issued on Dec. 26, 2017 and was origi-
nally filed as U.S. Non-Provisional application Ser. No.
15/174,714 on Jun. 6, 2016, which is a continuation of U.S.
Non-Provisional application Ser. No. 14/553,885, filed Nov.
25, 2014, which issued as U.S. Pat. No. 9,360,311 on Jun.
7, 2016, which is based on and claims priority to U.S.
Provisional Patent Application Ser. No. 61/910,341, filed on
Nov. 30, 2013, each of which is hereby incorporated by
reference as if expressly set forth in their respective entire-
ties herein.

FIELD OF THE INVENTION

The present invention relates to the orientation of a
device, and in particular, systems and methods of determin-
ing the orientation of a device relative to a surface.

BACKGROUND

In mobile robotics, localization data is understood as the
data that determines the position and orientation of an object
relative to a reference frame. Accurate localization data is
required for proper navigation, path planning, mapping and
other tasks in this field. In general, sensing techniques
associated with localization can be classified into absolute
and relative referencing techniques. Relative techniques
include using rotary encoders to keep track of the rotation of
the components of the driving trains and wheels of a vehicle.
These techniques lack an absolute reference frame and thus
usually experience issues with cumulative error and drifting
signals.

Some examples of absolute referencing techniques
include Global Positioning Systems (GPS) and Inertial Mea-
surement Units (IMUs). GPS works well for global posi-
tioning but small scale applications often times require
higher resolution/accuracy and GPS cannot provide orien-
tation data, only positioning. On the other hand, IMUS are
excellent performers in terms of orientation data but do not
perform well for positioning. Lastly, it is relevant to high-
light that IMU’s performance is significantly compromised
when the orientation angle that requires measuring is around
an axis which is parallel to the direction of the gravitational
field around the device.

The present invention addresses these and other problems.

SUMMARY

According to an aspect of the present invention, a method
for determining orientation of a vehicle relative to a surface
is provided. The method includes the steps of providing a
vehicle having a first chassis section, a second chassis
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2

section, and a hinge joint connecting the first and second
chassis sections such that the first and second chassis
sections are capable of rotation with respect to each other in
at least a first direction. The vehicle further includes a first
wheel mounted to one of the first and second chassis sections
and a second wheel mounted to the other of the first and
second chassis sections. The method further comprises pro-
viding vehicle geometric data defining at least a distance
between the hinge joint and a center of the first and second
wheels, respectively, and a diameter of each of the wheels.
The method further comprises providing surface geometric
data defining a curvature of the surface and measuring an
angle of rotation about the hinge joint. The method also
comprises determining an orientation of the vehicle relative
to the surface based on the vehicle geometric data, the
surface geometric data, and the measured angle of rotation.

According to a further aspect, the first wheel is a magnetic
drive wheel.

According to a further aspect, the second wheel is a
magnetic drive wheel.

According to a further aspect, the vehicle is capable of
traversing a curved surface in a helical path.

According to another aspect of the present invention, a
system for determining orientation of a vehicle relative to a
surface having defined geometric data that represents a
curvature of the surface is provided. The system includes a
vehicle having a first chassis section, a second chassis
section, and a hinge joint connecting the first and second
chassis sections such that the first and second chassis
sections are capable of rotation with respect to each other in
at least a first direction. The vehicle further includes a first
wheel mounted to one of the first and second chassis
sections, a second wheel mounted to the other of the first and
second chassis sections, and a sensor configured to measure
an angle of rotation about the hinge joint. The system further
includes a processor configured to determine an orientation
of the vehicle relative to the surface, based on defined
vehicle geometric data, the surface geometric data, and a
measured angle of rotation about the hinge joint.

According to a further aspect, the defined vehicle geo-
metric data includes at least a distance between the hinge
joint and a center of the first and second wheels, respec-
tively, and a diameter of the wheels.

According to a further aspect, the first wheel is a magnetic
drive wheel.

According to a further aspect, the second wheel is a
magnetic drive wheel.

According to a further aspect, the vehicle is capable of
traversing a curved surface in a helical path.

According to another aspect of the present invention, a
method for determining orientation of a device relative to an
object having a surface is provided. The method includes the
steps of providing a device having at least first and second
elements capable of contacting the surface of the object and
a third element capable of measuring at least one variable
that is dependent on the orientation of the device with
respect to the surface of the object. The method further
includes the steps of providing geometric data defining the
geometry of the device, providing surface geometric data
defining a curvature of the surface, and measuring the
variable. The method includes determining an orientation of
the device relative to the surface of the object based on the
device geometric data, the surface geometric data, and the
measured variable.

According to a further aspect, the first and second ele-
ments are first and second legs.
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According to a further aspect, the first and second legs
include gripper elements that are configured to adhere to the
surface of the object.

According to a further aspect, the third element includes
a third leg connected to the device via a pivot and a sensor
configured to measure the rotation of the third leg about the
pivot.

According to a further aspect, the third leg includes a third
gripper element that is configured to adhere to the surface of
the object.

According to a further aspect, the variable is the degree of
rotation of the third leg about the pivot.

According to a further aspect, the third element includes
first and second pivots that connect the first and second legs
to the device and first and second sensors that are configured
to measure the rotation of the of the first and second legs,
respectively.

According to a further aspect, the variable includes the
degree of rotation of the first and second legs about their
respective pivots.

According to a further aspect, the third element is con-
figured to linearly translate with respect to the device and
further includes a sensor configured to measure translation
with respect to the device.

According to a further aspect, the third element includes
a third gripper element that is configured to adhere to the
surface of the object.

According to a further aspect, the variable is the amount
of linear translation of the third element.

According to a further aspect, the third element is a
non-contact distance sensor supported by the device and
configured to measure the distance between the device and
the surface of the object.

According to a further aspect, the variable is the distance
between the sensor and the surface.

According to another aspect of the present invention, a
system for determining orientation of a device relative to an
object having surface having defined geometric data that
represents a curvature of the surface is provided. The system
includes a device having at least first and second elements
capable of contacting the surface of the object and a third
element capable of measuring at least one variable that is
dependent on the orientation of the device with respect to the
surface of the object. The system further includes a proces-
sor configured to determine an orientation of the device
relative to surface, based on defined device geometric data,
the surface geometric data, and the measured variable.

According to a further aspect, the first and second ele-
ments are first and second legs.

According to a further aspect, the first and second legs
include gripper elements that are configured to adhere to the
surface of the object.

According to a further aspect, the third element includes
a third leg connected to the device via a pivot and a sensor
configured to measure the rotation of the third leg about the
pivot.

According to a further aspect, the third leg includes a third
gripper element that is configured to adhere to the surface of
the object.

According to a further aspect, the variable is the degree of
rotation of the third leg about the pivot.

According to a further aspect, the third element includes
first and second pivots that connect the first and second legs
to the device and first and second sensors that are configured
to measure the rotation of the of the first and second legs,
respectively.
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According to a further aspect, the variable includes the
degree of rotation of the first and second legs about their
respective pivots.

According to a further aspect, the third element is con-
figured to linearly translate with respect to the device and
further includes a sensor configured to measure translation
with respect to the device.

According to a further aspect, the third element includes
a third gripper element that is configured to adhere to the
surface of the object.

According to a further aspect, the variable is the amount
of linear translation of the third element.

According to a further aspect, the third element is a
non-contact distance sensor supported by the device and
configured to measure the distance between the device and
the surface of the object.

According to a further aspect, the variable is the distance
between the sensor and the surface.

BRIEF DESCRIPTION OF THE DRAWING
FIGURES

FIG. 1A illustrates a vehicle about which an orientation
can be determined;

FIG. 1B illustrates additional features of a vehicle about
which an orientation can be determined;

FIG. 2A illustrates a schematic of a vehicle on a surface;

FIG. 2B illustrates a schematic of a vehicle on a surface;

FIG. 3 illustrates a vehicle on a surface;

FIG. 4 illustrates a schematic of a system that can be used
to determine orientation;

FIGS. 5A-5B illustrate a vehicle at an orientation with
respect to a surface;

FIGS. 6A-6C illustrate a vehicle at an orientation with
respect to a surface;

FIG. 7 illustrates a graphical representation of a vehicle
on a surface;

FIGS. 8A-8B illustrate a vehicle with respect to a surface
and with respect to a gravitational force; and

FIGS. 9A-9H illustrate devices that can be used to deter-
mine an orientation of an object with respect to the devices.

DETAILED DESCRIPTION CERTAIN OF
EMBODIMENTS OF THE INVENTION

The present invention relates to a system and method for
[determine] determining the orientation of a moving device,
for example, a robotic vehicle, pincer, etc., in relation to a
surface having a known geometry. For a mechanism (e.g., a
vehicle) contacting (e.g., driving on) a known curved sur-
face, the orientation of the mechanism can be determined
based on the anatomy of the mechanism and a measured
alteration of the mechanism. For example, a mechanism can
be provided such that its general shape can be dynamically
altered (either actively or passively) in a measurable way in
order to allow for the body of the mechanism to self-adjust
to the curvature of the surface being touched (or traversed).
In addition, the mechanism maintains a fully defined struc-
ture during that alteration (e.g., parts of the mechanism can
rotate with respect to each other, but the length of the
mechanism itself remains unchanged). Using such a mecha-
nism, the measured alterations can be run through a math-
ematical model to calculate the absolute orientation of the
mechanism relative to a particular feature of the curved
surface. It is noted that a mechanism that does not maintain
a fully defined structure could result in multiple solutions to
the mathematical model and so calculating orientation of the
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vehicle may not be possible. Accordingly, a mechanism can
have structure to provide redundant definition (e.g., multiple
hinged mechanisms, such as grippers having multiple pin-
cers, which could further be used to determine location as
well as orientation information). For ease of illustration, a
system and method according to one embodiment is
described in connection with a robotic inspection vehicle.
However, the system and method is not so limited and can
be applied to other devices.

In mobile robotics, localization data is understood as the
data that determines the position and orientation of an object
relative to a reference frame. Accurate localization data is
required for proper navigation, path planning, mapping and
other tasks in this field. The system and method of the
present invention provide a means for determining the
orientation of a vehicle relative to the surface over which it
travels. This orientation information can be combined with
other data to determine the exact location of a vehicle, how
far it is has traveled, and the trajectory path of its travel, as
discussed in more detail below.

Referring to FIGS. 1A and 3, a robotic vehicle 10 in
accordance with an embodiment of the invention is shown.
The robotic vehicle 10 includes a first chassis section 12 and
a second chassis section 14. A drive wheel 16 is connected
to the first chassis section 12 and an omniwheel 18 is
connected to the second chassis section 14. The wheels 16
and 18 and/or the chassis sections can include magnets that
provide an attractive force between the vehicle and a ferro-
magnetic/magnetically inducible material (e.g., a material
that generates an attractive force in the presence of a
magnetic field, such as a steel pipe). The magnets can be
selected such that they provide sufficient attractive force to
permit the vehicle to travel in vertical and/or inverted
positions when traveling along ferromagnetic/magnetically
inducible surfaces. The first and second chassis sections are
connected together via a hinge 20. The hinge 20 can by of
several different types, including a knuckle/pin hinge, ball
and detent hinge, for example). Other types of structures can
be used to provide a degree of freedom between the two
chassis sections. For example, a flexible material (e.g.,
flexible plastic) can be used to connect the two chassis
sections together while providing the degree of freedom
between the two chassis sections. The hinge 20 provides a
degree of freedom of movement between the first and
second chassis sections so that they can rotate with respect
to each other as indicated by arrow “A”. A degree of freedom
of movement, which allows for rotation between the first and
second chassis sections 12, 14, provides the flexibility of
movement for the vehicle to traverse curved surfaces while
the drive wheel 16 and omniwheel 18 remain in contact with
and oriented normal to the curved surface 1 (e.g., steel pipe).

Referring now to FIG. 1B, a simplified sketch shows the
orientation of the drive wheel 16 and the omni-wheel 18,
without illustrating the hinged chassis. In an embodiment of
a robotic vehicle that has a preferred direction of travel that
is indicated by arrow “D,” the drive wheel 16 of the robotic
vehicle 10 rotates about its access in a direction indicated by
arrow “R1” in response to a motor that propels the vehicle
forward. The axis of rotation of the omni-wheel 18 is
nominally oriented perpendicular to the drive wheel 16 (and
the wheels are in orthogonal planes), as shown in FIG. 1B.
The omni-wheel 18 includes a plurality of rollers 22 that are
located around the periphery of the omni-wheel 18. The
rollers 22 are mounted on the omni-wheel 18 (via pins or
axles, for example) for rotation in the same direction as the
drive wheel 16, as indicated by arrow “R2” (i.e., R1 is the
same direction as R2). Accordingly, when the drive wheel 16
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is driven, the omni-wheel 18 can serve as a follower wheel
that is not driven. The rollers 22 passively rotate as the drive
wheel 16 is driven, thereby allowing the vehicle to travel in
the driven direction as indicated by arrow “D” with the
rollers serving the purpose of reducing the friction of the
passive omni-wheel 18, at least that is the result when the
vehicle 10 is moving along a level surface.

The omni-wheel 18 provides steering, or rotation, to
control the robotic vehicle 10. The vehicle 10 can be steered
by driving the omni-wheel 18 using the motor mentioned
above, or a second motor (neither separately shown) by
using conventional linkages between the omni-wheel and
the motor. The omni-wheel rotates in a direction indicated
by arrow “R3”. Rotation of the omni-wheel causes the
vehicle to turn or steer in a direction indicated by arrows
“S”. Controlling the rotation of the omni-wheel 18 allows
for steering of the vehicle 10. The hinge 20 is constructed to
have minimal to no yield as the omni-wheel is driven in the
“S” directions so that the vehicle can be rotated in the
direction “S” without the vehicle folding upon itself and so
that movement in the “S” direction of the omni-wheel 18 can
be correlated with a re-orientation of the drive wheel 16 as
a result of the movement transferred to the drive wheel
through the hinge 20.

Accordingly, the drive wheel 16 can be controlled to
provide forward and rearward movement of the vehicle
while the omni-wheel 18 is either a passive, low resistance
follower wheel or serving as an active, steering mechanism
for the vehicle. The wheels 16, 18 can be activated and
driven separately or at the same time to effect different types
of steering of the vehicle 10.

The configuration of the wheels of the vehicle provide for
excellent mobility and stability while maintaining a rela-
tively small foot print. This permits the robot to fit into small
areas and have maneuverability that would be difficult, if not
impossible, to achieve with traditional arrangements such as
four wheeled vehicles. For example, a vehicle having the
described arrangement can be constructed so that it can be
effective on surfaces ranging from 8 inches in diameter to
completely flat surfaces. The drive wheel 16 provides sta-
bility to the vehicle. In particular, the drive wheel includes
a strong magnet which creates a pull force between the
wheel and a ferromagnetic surface on which the vehicle 10
can be moved, and this structural arrangement assists in
resisting tipping of the vehicle. In addition, the drive wheel
can have a relatively wide and flat configuration, which
further provides stability to the vehicle.

Referring to FIG. 3, the vehicle 10 is shown traversing a
curved ferromagnetic surface 1, which, by way of example
only, can be a steel pipe. The drive wheel 16 and the
omni-wheel 18 can each include a magnet. For example, a
magnet can be included in the hub of each of these wheels,
or in the case of a double omni-wheel, (as shown, in FIG. 3)
between the two hubs. By connecting the drive wheel and
the omni-wheel to respective chassis sections, each chassis
section is attracted (via the magnets in the wheels) to the
ferromagnetic/magnetically inducible material surface (e.g.,
a material that generates an attractive force in the presence
of'a magnetic field, such as a steel pipe). Alternatively, or in
addition, the chassis sections themselves could include
magnets that provided attractive force between each chassis
section and the ferromagnetic surface. As such, when the
vehicle traverses a curved or uneven surface, each of the
chassis sections can be magnetically attracted to the surface.
Meanwhile, the hinge 20 enables the chassis sections to
rotate relative to one another. By this arrangement, the drive
wheel 16 and the omni-wheel 18 maintain contact with and
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normal to the surface along which the vehicle 10 is traveling.
A spring 24 can also extend between the two chassis sections
12, 14 and be connected so as to provide an urging force to
assist the sections back to the a position in which the two
wheels are located on the same planar surface with approxi-
mately zero degrees of rotation between the two chassis
sections.

Referring to FIGS. 2A and 2B, a schematic of the robotic
vehicle on a curved surface and a flat, planar surface is
shown. As shown in FIG. 2A, the chassis sections rotate
about the hinge 20 so that the wheel are in contact with
curved surface 2 (e.g., a pipe). Without the hinge 20, the
chassis would remain in a straight line configuration and one
of the wheels may fail to contact the curved surface or may
only be in partial contact with the curved surface. Failure of
one or two of the wheels to maintain contact with the
traveling surface could result in a significant drop in the
attractive force between the magnets of the chassis and
surface. This could have a catastrophic result, such as when
the vehicle is traversing a vertical or inverted surface, in
which the vehicle fails to maintain magnetic purchase with
the surface and decouples from the surface. Decoupling of
the vehicle can result in damage to the vehicle suffered as a
result of the fall, present a danger to workers in the area,
and/or could result in the vehicle becoming stuck, which
could present further problems. As shown in FIG. 2B, the
vehicle 10 is disposed on the curved surface 2 but the vehicle
is oriented parallel to the axis of the curved surface (e.g.,
parallel to the direction of flow “F” of a pipe). Since the
vehicle is located on the ridge of the curved surface, the front
and rear wheels are located on the same planar surface. As
such, the degree of rotation about the hinge is zero.

The hinge 20 can include rotation stops 26 and 28. These
can be mating surfaces on each of the first and second
chassis sections for example. The rotations stops prevent
unintentional rotation about the hinge 20, such as when the
vehicle is on a flat surface. For example, the hinges can
prevent the vehicle from folding in on itself when on a flat
surface such that the hinge joint is dragged on the surface.

As shown in FIG. 2A, the vehicle is orientated perpen-
dicular to the axis or direction of flow of the pipe. In this
configuration, an angle or degree of rotation exits about the
hinge as indicated by reference numeral 30. When the
vehicle is perpendicular to the axis of the curved surface, the
angle between the hinge is at its maximum. As shown in
FIG. 2B, the vehicle 10 is disposed on the curved surface but
the vehicle is oriented parallel to the axis of the curved
surface (e.g., parallel to the direction of flow of a pipe).
Since the vehicle is located on the ridge of the curved
surface, the front and rear wheels are located on the same
planar surface. As such, the degree of rotation about the
hinge is zero. In this orientation, the angle about the hinge
is at its minimum, namely, zero. As the vehicle transitions
from an orientation in which the vehicle is perpendicular to
the axis of the surface to an orientation in which the vehicle
is parallel to the axis of the surface, the angle about the hinge
decreases from its maximum to its minimum. By measuring
the value of the angle about the hinge, the orientation of the
vehicle relative to the curved surface can be determined, as
discussed in more detail below.

The value in degrees of this angle is a function of the
geometry of the vehicle, the diameter of the curved surface
(e.g., pipe) on which the vehicle is located, and orientation
of the vehicle with respect to the curved surface. The
geometry of the vehicle, which can include the diameter of
the wheels and the distance between the wheels and the
hinge, are factors that can be measured and known and that
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remain constant during an inspection performed by the
robot. In addition, the diameter of the surface on which the
vehicle will be deployed to inspect (e.g., curved pipe) is a
factor that can be measured and known and that remains
constant during an inspection performed by the robot. In
addition, the angle about the hinge in degrees can be
measured via a sensor (e.g., using a potentiometer, encoder,
strain gauge, the relative difference between 2 Inertial Mea-
surement Units, one mounted on the driving module and
another on the steering module over a short period of time,
or other suitable sensors, etc.). Using the known and con-
stant factors associated with the vehicle and the surface,
combined with the measured angle about the hinge, the
orientation of the vehicle can be calculated.

The [follow] following example illustrates a method of
calculating the orientation of a vehicle of a particular
geometry traversing a curved surface of a particular geom-
etry, in this example a pipe. Using the exemplarily calcula-
tions, localization data of the vehicle can be [determine]
determined which is useful for determining the position of
the vehicle and identifying the location at which inspection
data is being collected in order to determine where a failure
in a structure may be located. The localization scheme
allows the vehicle to constantly and accurately determine its
position and orientation with respect to the pipe. Thus, the
inspection data can then be accurately mapped to the pipe
geometry to allow the operator to pinpoint anything noticed
in the incoming sensor data and locate it. The ability to
accurately determine the position of the vehicle and asso-
ciate that position with inspection data allows for the pro-
duction of reliable ultrasonic scans for thickness measure-
ments and corrosion maps.

In order to provide a full scan and a comprehensive
corrosion map of the pipe, the vehicle can autonomously
follow a helical path around the pipe. A helical path offers
significant advantages over a rasterized (zigzag) scan path or
circular scan path. In a circular scan path, once a loop is
completed, the longitudinal position of a typical crawler
must be incremented along the pipe axis. This process of
completing a circular scan and then advancing is repeated
until a desired length of a pipe is covered. In a longitudinal
of rasterzid scan, and once the desired length of pipe has
been scanned, the crawler must increment its angular posi-
tion and then perform another linear scan. The process is
repeated in the desired area as has been covered. Most of
these crawlers are not highly mobile but instead use support
brackets that provide a static platform upon which the
crawler can move in an X-Y motion (circumferential and
longitudinal) to cover the desired scan area. This means that
access to the desired scanning area is a requirement in order
to provide the support brackets. The vehicle 10 described
above is highly mobility and does not require static support
brackets. Rather, it can freely roam on the pipe without such
brackets. Therefore, there is no need to have access to the
desired scan area and so the vehicle can be deployed at any
point along the pipe and then it can be driven to the desire
location. Having such a capability enables [it] the vehicle to
perform less restricted motions and maneuvers. Further, the
mobility of the vehicle permits the vehicle to traverse a
helical path while it is performing ultrasonic scanning.

Following a helical path simplifies the steering control of
the vehicle as compared to following an X-Y scanning
motion. In a helical path, the vehicle is commanded to drive
forward at a given rate and minor steering corrections can be
performed to achieve the desired helical path. This provides
for a more efficient control method over X-Y scanning
methods that require complex steering maneuvers. A helical



US RE49,544 E

9

scan path can result in a longer battery life for the vehicle.
Compared to a helical scan, scanning a pipe using X-Y
scanning can lead to excessive battery [consuming] con-
sumption due to the complex steering required after every
scan line. Moreover, if a vehicle was [require] required to
move against gravity during every scanning line, which
would occur for significant portions of a linear scan, exces-
sive power consumption can occur. Localization of a crawler
in an X-Y scan path is more complicated and less error-
tolerant. Errors in determination of position are more likely
to occur during the complicated steering maneuvers required
after scan every line in an X-Y system.

In a helical scan path, localization can be achieved via
helical pitch control and helix loop start/end control. Helix
pitch control ensures that the pitch of the helix (space
between each loop and the next one) is constant along the
whole helical path. Helix loop start/end control ensures that
the vehicle is able to determine when a loop of helix ends
and the next one starts.

The vehicle can ensure that the space between each loop
and the next one (helix pitch) is constant. Accordingly, the
vehicle can follow a desired helical path to map the acquired
inspection data to the correct corresponding position. As the
vehicle progresses along the pipe, a control method can be
implemented to control the helix pitch and ensure the loops
are similarly spaced from each other. Controlling the pitch
provides for a known, uniform scan path.

The pitch of the vehicle’s trajectory around the pipe can
be controlled by monitoring and controlling the orientation
of the vehicle with respect to the pipe (longitudinal, helical
with any pitch, or circumferential). By measuring the ori-
entation angle, a control loop can ensure the angle is
maintained and thus the helix pitch is maintained. The
orientation of the vehicle with respect to the pipe can be
determined by measuring the angle of the hinge between the
steering and driving modules (the angle between the first and
second chassis section) of the vehicle. Including the hinge
between the vehicle sections provides the ability to measure
the angle about the hinge. The hinge also provides a self-
adjustment feature to the vehicle that permits the vehicle to
operate on surfaces of various curvatures and pipe diam-
eters.

A measurement convention for the vehicle orientation
angle with respect to the pipe can be set. FIGS. 5A and 5B
illustrate an exemplary measurement convention for the
angle (8). According to the convention, when the vehicle 10
is orientating perpendicular to the pipe 50, which would
result in the vehicle traveling on a circumferential (circular)
path, 0 is zero degrees. When the vehicle is oriented in the
same direction as the flow of the pipe, which would result in
the vehicle traveling along the pipe’s length, 0 is 90 degrees.
Accordingly, as the vehicle’s orientation with respect to the
pipe changes from perpendicular to longitudinal, ©
[increase] increases from zero to 90 degrees. The math-
ematical modeling on the 2D cross-sectional plane is created
by the center vehicle plane. This is the same plane with the
angular shift 8. FIGS. 6A-6B show the cross section of the
pipe 60 relative to the vehicle 10 for different values of [0]
6. FIG. 6A illustrates a cross section that is for a circum-
ferential path where 0 is zero. As can be seen in FIGS. 6B
and 6C, increasing 6 makes the cross section of the pipe
become an ellipse whose major axis increases with 6.

Referring to FIG. 7, a vehicle 70 is represented in wire
form. The vehicle 70 includes a first chassis section 72, a
second chassis section 74, a drive wheel 76 and an omni-
wheel 78 mounted orthogonally with respect to the drive
wheel 76. The vehicle is disposed on a pipe 71 that has an
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elliptical cross section for a specific value of 0. The param-
eters of the vehicle and pipe are represented by the following
mathematical notations, where:

&: hinge angle

a: major axis of the ellipse cross section of the pipe

b: minor axis of the ellipse cross section of the pipe

R1: radius of magnetic driving wheel

R2: radius of omni-wheel

L: length of the virtual rigid link between the driving
wheel pivot and the hinge

D: distance between the hinge and the first roller set of the
omni-wheel

W: width of the omni-wheel (distance between the two
roller sets)

X,.y;: coordinates of the first contact point between the
omni-wheel and the pipe

X,,¥,: coordinates of the second contact point between the
omni-wheel and the pipe

X,.¥,: coordinates of the hinge point

The minor axis b will be equal to the radius of pipe
regardless of the robot orientation 6. The major axis a
depends on the orientation and can be determined using the
following equation:

b
a= cosf

Two mathematical models can be used for the hinge
angle. A “forward model” permits a determination of the
hinge angle & for a given vehicle orientation angle 6. A
“inverse model” permits a determination of the vehicle
orientation angle 6 for a given hinge angle ®.

Forward Model

For the forward model, a can be calculated from the
formula above since 0 is known. To calculate the hinge angle
&, a system of six non-linear equations is constructed to
solve the six unknowns in the model (x1, y1, X2, y2, xh, yh).
These solved for variables can be used to calculate the hinge
angle ®. The six equations are written using the following
relationships:

1. Location of first omni-wheel contact point on the
ellipse

2. Location of second omni-wheel contact point on the
ellipse

3. Distance between the hinge point and the driving wheel
axis

4. Distance between the two contact points (omni-wheel
width)

5. X-coordinate of the hinge point with respect to the two
contact point positions

6. Y-coordinate of the hinge point with respect to the two
contact point positions

These relationships can be formulated as the following
equations:

=1
2

X+ (ya—(b+Ry)) =L

(xz _xl)z +(y2 _YI)Z = Wz
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-continued
Ry2—y1)+ D(xz - xl)
WERTTTTTTY
R(xz - Xl) -D(y2-v1)
Yh=1——

w

These six equations can be written as a system of non-
linear equations as follows:

X1
Y1
x=|%
y2
Xn
Ya
2 2
x—;+y—;—1
b
St
a’ bz_
Fr(X) = X2+ (yr —(b+ R -2 =0
&2 —x1)% + (2 - 1) - W2
( Rz(YZ—Y1)+D(Xz—X1))
Xy —|x-—
W
_( +R2(X2—X1)—D(YZ—Y1))
Yo —|¥1 —W

Solving these equations is can be done using the iterative
Newton-Raphson numerical method. In each iteration, the
new vector X is calculated as follows:

X=X I (XDFR(X,)

Where J is the Jacobean matrix of the system F(X):

dF; 0F; 0F, 0F, 0F, 0F;
ox1 Oyi 9x By: %, 0y,
dF, 0F, 90F, IF, 06F, 0F,
ox1 oyi 9% By: Oxi Oyi
dF; 0F; dF; dF; 0F; 0F;
Ty = dx; Oy1 0x; 9y, 9%, Oy,
dF4s O0Fs O0Fs O0Fs O0Fs OF,
ox1 Oyi 9x By: %, 0y,
dFs 0Fs 0Fs AFs 0Fs OFs
ox1 oyi 9% By: Oxi Oyi
dFs 0Fs O0Fs O0Fs 0Fg 0F,
ox; Oy 9% dya 9% 9y,

Solving the above equation involves finding the inverse of
the Jacobean, which can be time consuming and result in
high demand of computing resources. Therefore the follow-
ing system of linear equations can be used for faster results:

I X

7i+1

—X,)=Fp(X,)

For the first iteration, the vector Xn is the initial guess X,.
The initial guess used to ensure convergence towards a
solution is the case where hinge point has the same y-co-
ordinate as the driving wheel axis and angle hinge & is 180
degrees. In this case the initial guess becomes:

h
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X1 L+D

Vi b+R; -Ry
X = x2| |L+D+W
*Tlya|T|b+Ri Ry

Xy, L

Vi b+Ry

After solving the non-linear system, the hinge angle @ is
then calculated in terms of X as follows: ()

Xn
+ ta
+b-y, Ye—Y¥1

(X)= 5 +cos”!
] =3 cos 5

A summary for the sequence of calculations in the for-
ward model can be represented as follows:

-] b a FX)=0 X
a= 5 —»
cos 8 Tr X Xpr1 — Xp) = —Fp(X,)
o0 2

Inverse Model

In the inverse model, hinge angle & is given (measured
using a potentiometer or other suitable sensor) and the
vehicle orientation 0 is to be calculated. In this case the
major axis a is unknown. To calculate P, a system of seven
non-linear equations can be constructed to solve the six
unknowns in the model (x1, y1, x2, y2, xh, yh, a). These
equations are the same six equations from the forward model
plus the hinge angle equation ®. The equations thus are:

1l
—_

+
O“|'~<
o | =t

=2

1

T
1l

»
o 151
<
o ot

®
o

Xp+(va— b+Ry)P =17
o -x)  + -y =W?

_ ROz -y + D2 —x1)

Xp =X1

W
_ . R —x1)-D2-y1)
Yr=Y1 —W
n - Xp X=X LR
¢=7+cost +tan +tan 1=
2 Ri+b-y, Vi =¥1 D
hX) =
xo%
a2 b
X3 Y%
X1 S t5-1
v a b
- X3+ (v — (b +Ry ) - L7
Bf|v2[|= 2 -x)?+ (2 -y’ - W? -0
X < (x Ra(y2 —y1) + D(x2 —xl))
p—|x - —————
Y \
a Ra(xz —=x1) = D(y2 —y1)
i ——————
Vid 1 Xy X1 =% 1 Rz)
—| = +cos + ta +tan —
¢ (2 Ry+b-y, Vi — Y1 D
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This system can also be solved using Newton Raphson
method and the initial guess is:

X1 L+D

yi b+R;—-Ry

X3 L+D+W
Xo=|ys|=|b+R =Ry

X L

Vi b+R;

a b

After solving the non-linear system, the vehicle orienta-
tion O can be calculated in terms of X as follows:

b
0= cos’l(—)
a

A summary for the sequence of calculations in the for-
ward model can be represented as follows:

0 F(X)=0 a
T (X1 = X,) = —FAX,)

0
8 =cos™! (R) —
a

[In order to] 7o determine when every loop of the helical
path ends and the next one starts, a combination of sensor
readings can be used including wheel encoders and IMU
data (e.g., data obtained from accelerometers, gyroscopes,
and magnetometers). The localization scheme used relies on
the pipe orientation with respect to the ground because it
affects which sensors provide useful readings. If the pipe 80
is horizontal, as shown in FIG. 8A, then the accelerometers
will provide useful data in determining the angular position
of the vehicle 10 on the pipe. The gravity direction and thus
the accelerometers readings will continuously change while
vehicle is travelling around the pipe. Having such a variation
aids the controller to know when the robot reaches, for
example, the 12 o’clock position and register the end of a
helix loop and the start of the next one. If the pipe 80 is
vertical, as shown in FIG. 8B, then the accelerometers will
not be useful because gravity direction with respect to the
vehicle 10 will not change. Therefore, the accelerometers
data will not change while the robot moves around the pipe
regardless of which orientation the accelerometers are
mounted on the robot. This is because the same face of the
robot always faces the ground when the robot is running
around a vertical horizontal.

Therefore, in the case of a horizontal pipe, the master
microcontroller can depend on the accelerometer values to
determine the end and start of the helix loops. On an inclined
pipe, the accelerometer values can be used as long as the
inclination is not close to being vertical; because if the pipe
is vertical or close to vertical then the accelerometer values
will stay constant or their changes will not be sufficient for
meaningful determinations. In this case, other means can be
used including magnetometer readings, dead reckoning
using wheel encoder values, and/or monitoring external
visual references. A Kalman filter or other suitable sensor
fusion algorithm can be used to fuse these data for the case
of a vertical pipe.

Accordingly, the above equations provide an exemplary
method for determine orientation/hinge angle of a vehicle on
a curved surface. The method can be adapted to different
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structures of vehicles/mechanisms that are capable of self-
adjusting to a known curvature in a measurable way (e.g.,
having a hinge that is measured).

The method for determining the orientation of the vehicle
can be performed by a computer having a processor with
memory for executing code. As shown in FIG. 4 the func-
tional elements of an information processor 102 are illus-
trated, and preferably include one or more central processing
units (CPU) 202 used to execute software code in order to
control the operation of information processor 102, read
only memory (ROM) 204, random access memory (RAM)
206, one or more network interfaces 208 to transmit and
receive data to and from other computing devices across a
communication network, storage devices 210 such as a hard
disk drive, flash memory, CD-ROM or DVD drive for
storing program code, databases and application code, one
or more input devices 212 such as a keyboard, mouse, track
ball and the like, and a display 214. The various components
of information processor 102 need not be physically con-
tained within the same chassis or even located in a single
location. For example, as explained above with respect to
databases which can reside on storage device 210, storage
device 210 may be located at a site which is remote from the
remaining elements of information processors 102, and may
even be connected to CPU 202 across communication
network 106 via network interface 208. For example, data
processing can be performed using processors located on
board the robot and transmitted to a remote computer
terminal.

The functional elements shown in FIG. 4 (designated by
reference numbers 202-214) are preferably the same catego-
ries of functional elements preferably present in user com-
puting device 104. However, not all elements need be
present, for example, storage devices in the case of PDAs,
and the capacities of the various elements are arranged to
accommodate expected user demand. For example, CPU
202 in user computing device 104 may be of a smaller
capacity than CPU 202 as present in information processor
102. Similarly, it is likely that information processor 102
will include storage devices 210 of a much higher capacity
than storage devices 210 present in workstation 104. Of
course, one of ordinary skill in the art will understand that
the capacities of the functional elements can be adjusted as
needed.

For example, sensors measuring the angle of the hinge can
provide electrical input signals to the processor. Such signals
can undergo analog or digital signal processing before being
inputted to the processor 202, such as by a pre-processing
module implemented as computer code. Such a module can
receive output from an analog-to-digital converter, which in
turn receives signals from a sensor, e.g., a strain gauge. The
calculations used to determine the orientation of the vehicle
can be performed by processors located on board the robotic
vehicle. Alternatively, or in addition, sensed data can be
transmitted (e.g., through wireless communications) to a
remote processor (e.g., a field laptop computer, smartphone,
tablet, etc.) to perform the processing to determine the
orientation and location of the vehicle.

Determining the orientation of the vehicle is particularly
useful in robotic inspection applications. For example, the
orientation information can be used to calculate a trajectory
of the vehicle as it travels along the surface. This can be used
to determine the [absolution] absolute location of the
vehicle. For example, to orientation information can be
combined with a measured distance traveled by the vehicle
(e.g., by counting rotations of the drive wheel) to determine
where along the surface the vehicle is located. In addition,
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the orientation information can be particularly useful when
the vehicle is being used to inspect the surface itself and the
vehicle needs to pass over the surface to inspect it. The
orientation information can be used to determine whether a
desired sweep pattern has been achieved by the robot. For
example, the distance and orientation information can be
collected as data points and combined to build a map of
travel of the vehicle. The map can be a three-dimensional
map (e.g., using a cylindrical coordinate system) or can be
displayed as a two-dimensional map by converting the
cylindrical surface into a flat planar surface. Further, since
the trajectory of the robot can be mapped, that location
information can be combined with inspection data collected,
to create detailed maps in which a map of the structure is
overlaid with the inspection data. Thus, data points can be
generated that include location information and inspection
information (e.g., condition of the surface at that location).
The data points can be used to create a detailed map of a
pipeline in which areas of corrosion are highlighted on the
map. Without the system and method of the present inven-
tion, the localization data required to produce such maps
would be based in relative referencing with drifting errors
which would accumulate over time.

Incorporating the system and method of the present
invention in robotic vehicle 10, for example, can provide
significant benefits. The system and method can be used for
measuring the angle of the hinge as the robot maneuvers on
a pipe and permits the absolute orientation of the robot with
respect to the centerline (or the flow) of the pipe to be
accurately calculated. This method can be extrapolated to
other mechanisms, vehicles and curved surfaces. This
method is unique in that it out performs IMUs in the
particular case where the direction of the gravitational force
around the vehicle is aligned with the axis of rotation around
which the vehicle is pivoting. This alignment between the
gravitational force and the axis of rotation can occur, for
example, in a condition in which the robot located at the 12
o’clock position on a horizontal pipe and the robot is
pivoting/steering in circles in place.

As discussed above, this method has particular applica-
tion in the control of robotic inspection vehicles. For
example, if a robot were to advance along a cylindrical pipe,
a particular measurement of a hinge angle can correspond to
four possible orientations of the robot relative to the pipe
centerline or flow. However, if the original orientation of the
robot was known, the system can be configured to store that
[date] data and further store data indicating all further
orientation changes. As such, the system can keep track of
previous measurements of the hinge angle and easily deduce
which one of those four possible current orientations is the
true one based on the starting orientation and previous
orientation changes.

In addition, if the geometry of the robot is known and the
orientation of the robot relative to a pipe is known, the
measured angle about the hinge can be used to determine the
diameter of the pipe. Further, a robot can be placed on a pipe
of unknown diameter and then commanded to pivot 181
degrees around its own driving wheel and map the data
acquired from the sensor measuring the angle about the
hinge. The system can record the maximum angle as the
robot rotates, which occurs when the robot is oriented
normal to the flow of the pipe (i.e. as if the robot was about
to start driving in circles around the pipe circumference).
The maximum measured angle, combined with the geometer
data of the robot, can be used for determining the diameter
of the pipe upon which the robot is traveling. The method
can be adapted to different structures of vehicles/mecha-
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nisms that are capable of self-adjusting to a known curvature
in a measurable way (e.g., having a hinge that is measured).
A vehicle could be used to inspect ship hulls, including
aerospace and marine hulls. In addition, if such an inspec-
tion tool were used on a structure that had a unique curvature
over its circumference, the tool’s position could be deter-
mined by measuring a hinge angle. For example, if the
curvature of a submarine were unique across its hull and was
known (e.g., could be represented graphically as a parabola),
a measured hinge angle could be used to calculate the
vehicle orientation and position.

As discussed above, the described technique could be
used to vehicles and other mechanisms more generally. For
example, a hinged pincer could employee the described
methods for determining the orientation of an object being
held by the pincers.

The method described above can provide useful data on
applications where IMUs would not provide similar infor-
mation. For example, smart grippers in automated assembly
lines (e.g., pincers consisting of first and second prongs
connected by a hinge) can be constructed according to the
principles of this invention to grab scrambled objects (e.g.,
a pile of objects in a pile having random orientations),
self-adjust to their shape and use the measured changes in
the body of the gripper to determine which way the object
was grabbed. For example, FIGS. 9A-9H illustrate several
embodiments of grippers that can be used to determine the
orientation of an object.

Referring to FIG. 9A, a gripper 910 has two legs 912 and
a third leg 914 connected to the gripper via a pivot 916. The
ends of the legs 912 and leg 914 include gripping elements
918 that contact the surface of an object. The object can have
either a concave, convex, or flat surface, or combinations
thereof. The gripping elements 918 maintain the gripper in
contact with the object. The gripper elements can maintain
contact with the object via magnetic force, suction force,
non-permanent adhesion force, or other suitable means for
maintaining the ends of the gripper in contact with the
object. The geometric details of the gripper 910 and its legs
and gripping elements are known. The geometric details of
the object are also known. Accordingly, by measuring the
amount of rotation at pivot 916 in accordance with the
methods described above the orientation of an object being
held by the gripper can be determined. As shown in FIG. 9E,
gripper 910 is shown in contact with object X at various
orientations along its surface. In accordance with the meth-
ods discussed above, the orientation of the object X relative
to the gripper can be determined.

Referring to FIG. 9B, a gripper 920 has two legs 922 each
connected to the gripper via a pivots 926. The ends of the
legs 922 include gripping elements 928 that contact the
surface of an object. The object can have either a concave,
convex, or flat surface, or combinations thereof. The grip-
ping elements 928 maintain the gripper in contact with the
object. The gripper elements can maintain contact with the
object via magnetic force, suction force, non-permanent
adhesion force, or other suitable means for maintaining the
ends of the gripper in contact with the object. The geometric
details of the gripper 920 and its legs and gripping elements
are known. The geometric details of the object are also
known. Accordingly, by measuring the amount of rotation at
pivots 926 in accordance with the methods described above
the orientation of an object being held by the gripper can be
determined. As shown in FIG. 9F, gripper 920 is shown in
contact with object X at various orientations along its
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surface. In accordance with the methods discussed above,
the orientation of the object X relative to the gripper can be
determined.

Referring to FIG. 9C, a gripper 930 has two legs 932 each
connected to the gripper and an element 934 that is capable
of linear displacement. The ends of the legs 932 and element
934 include gripping elements 938 that contact the surface
of an object. The object can have either a concave, convex,
or flat surface, or combinations thereof. The gripping ele-
ments 938 maintain the gripper in contact with the object.
The gripper elements can maintain contact with the object
via magnetic force, suction force, non-permanent adhesion
force, or other suitable means for maintaining the ends of the
gripper in contact with the object. The geometric details of
the gripper 930 its legs, translation element, and gripping
elements are known. The geometric details of the object are
also known. Accordingly, by measuring the amount of
displacement of element 934 in accordance with the meth-
ods described above, wherein the rotation of a pivot is
substituted for linear displacement, the orientation of an
object being held by the gripper can be determined. The
displacement of element 934 can be measured by a sensor,
such as a spring strain gauge 936, for example. As shown in
FIG. 9G, gripper 930 is shown in contact with object X at
various orientations along its surface. In accordance with the
methods discussed above, the orientation of the object X
relative to the gripper can be determined.

Referring to FIG. 9D, a gripper 940 has two legs 942 each
connected to the gripper. The ends of the legs 942 include
gripping elements 948 that contact the surface of an object.
The object can have either a concave, convex, or flat surface,
or combinations thereof. The gripping elements 948 main-
tain the gripper in contact with the object. The gripper
elements can maintain contact with the object via magnetic
force, suction force, non-permanent adhesion force, or other
suitable means for maintaining the ends of the gripper in
contact with the object. The gripper includes a non-contact
sensor 946 (e.g., ultrasound, light, laser, etc.) that can
measure the distance between the sensor 946 and the surface
of'the object in line with the sensor. The geometric details of
the gripper 930 its legs and the location of the sensor. The
geometric details of the object are also known. Accordingly,
by measuring the distance between the sensor 946 and the
surface of the object in accordance with the methods
described above, wherein the rotation of a pivot is substi-
tuted for distance measured by the sensor, the orientation of
an object being held by the gripper can be determined. As
shown in FIG. 9H, gripper 940 is shown in contact with
object X at various orientations along its surface. In accor-
dance with the methods discussed above, the orientation of
the object X relative to the gripper can be determined.

FIGS. 9A-H illustrate embodiments in which a device
(e.g., grippers 910, 920, 930, or 940) can be used to
determine the orientation of an object that is in contact with
the device. The method fixed geometric data concerning the
device, fixed geometric data concerning the object, and at
least one variable (e.g., single pivot rotation, double pivot
rotation, linear translation, or distance) to determine the
orientation of the object relative to the device.

It should be understood that various combination, alter-
natives and modifications of the present invention could be
devised by those skilled in the art. The present invention is
intended to embrace all such alternatives, modifications and
variances that fall within the scope of the appended claims.

While the invention has been particularly shown and
described with reference to a preferred embodiment thereof,
it will be understood by those skilled in the art that various
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changes in form and details may be made therein without
departing from the spirit and scope of the invention.

The invention claimed is:

1. A method for determining orientation of a vehicle
relative to a surface having defined geometric data that
represents a curvature of the surface, the method comprising
the steps of:

measuring an angle of rotation about a hinge joint that is

part of the vehicle, wherein the vehicle is configured to
travel along the surface;
determining the orientation of the vehicle relative to the
surface based on vehicle geometric data, the surface
geometric data and the measured angle of rotation
using a processor located on board the vehicle; and

controlling operation of the vehicle in view of the deter-
mined orientation using the processor,

wherein the surface comprises a cylindrical pipe and the

step of determining the orientation of the vehicle cor-
responds to determining one orientation out of four
possible orientations relative to a centerline of the
cylindrical pipe and the method further includes the
step of storing an original orientation of the vehicle
and all further orientation changes of the vehicle and
determining which one of the four possible orientations
is a true orientation of the vehicle based on the original
orientation and all the further orientation changes of
the vehicle.

2. The method of claim 1, wherein the hinge joint is
disposed between a first chassis section and a second chassis
section such that the first and second chassis sections are
capable of rotation with respect to each other in at least one
direction.

3. The method of claim 2, wherein the first chassis section
includes a first wheel mounted thereto and the second
chassis section includes a second wheel mounted thereto.

4. The method of claim 3, wherein the vehicle geometric
data defines at least a distance between the hinge joint and
a center of the first and second wheels, respectively, and a
diameter of each of the wheels.

5. The method of claim 3, wherein the first wheel is a
magnetic drive wheel.

6. The method of claim 3, wherein the second wheel is a
magnetic drive wheel that is configured to move in at least
two directions.

7. The method of claim 1, wherein the step of measuring
the angle of rotation about the hinge joint comprises pro-
viding a sensor in the vehicle, the sensor being configured to
measure the angle of rotation about the hinge joint.

8. The method of claim 1, wherein the vehicle is config-
ured to transverse a curved surface in a helical path.

9. The method of claim 8, further including the step of
determining when every loop of the helical path ends and a
next loop starts by analyzing a plurality of sensor readings
including wheel encoders and inertial measurement unit
(IMU) data.

10. The method of claim 9, wherein the IMU data includes
data obtained from accelerometers, gyroscopes and magne-
tometers.

[11. The method of claim 1, wherein the surface com-
prises a cylindrical pipe and the step of determining the
orientation of the vehicle corresponds to determining four
possible orientations relative to a centerline of the cylindri-
cal pipe and the method further includes the step of record-
ing previous measurements of the hinge angle and deter-
mining which of the four possible orientations is a true
orientation of the vehicle based on a start orientation and
previous orientation changes of the vehicle.]
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12. The method of claim 8, wherein the vehicle [includes
a] on board processor [that operates] is further configured to
operate so as to control a helical pitch and ensure that loops
of the helix are spaced a constant distance from one another.

13. The method of claim 3, wherein the first wheel is a
magnetic drive wheel that rotates about a first axis and the
second wheel is a magnetic omni-wheel that rotates about a
second axis that is perpendicular to the first axis, the
omni-wheel including a plurality of rollers that are located
about a periphery of the omni-wheel, each roller rotating in
a same direction as rotation of the magnetic drive wheel.

14. The method of claim 1, wherein the hinge includes
first and second rotation stops that are configured to prevent
unintentional rotation about the hinge.

15. The method of claim 14, wherein the hinge joint is
disposed between a first chassis section and a second chassis
section such that the first and second chassis sections are
capable of rotation with respect to each other in at least one
direction, wherein the first and second rotation stops are
mating surfaces on each of the first and second chassis
[section] sections, respectively.

[16. A method for determining a diameter of a curved
structure over which a vehicle travels comprising the steps
of:

determining geometric data of the vehicle;

determining an orientation of the vehicle relative to the

curved structure; and

measuring an angle of rotation about a hinge joint that is

part of the vehicle to determine the diameter of the
curved structure.]

[17. The method of claim 16, further including the step of
determining a maximum angle of rotation that has been
measured and the step of determining the diameter of the
curved structure is based on the recorded maximum angle of
rotation and the geometric data of the vehicle.]

[18. The method of claim 16, wherein the curved structure
comprises a pipe.]

19. A system for determining orientation of a vehicle
relative to a surface having defined geometric data that
represents a curvature of the surface comprising:

a drivable vehicle including:

a hinge joint connecting a first part of the vehicle to a
second part of the vehicle such that the first and
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second parts are capable of movement with respect
to one another as the vehicle is driven across the
surface, the movement of the first and second parts
being translated into rotation of the hinge joint;

a sensor configured to measure an angle of rotation
about the hinge joint; and

a processor configured to determine an orientation of
the vehicle relative to the surface based on defined
vehicle geometric data, the defined geometric data of
the surface, and a measured angle of rotation about
the hinge joint and wherein the processor is config-
ured to control operation of the vehicle in view of a
determined orientation,

wherein the surface comprises a cylindrical pipe, and

wherein to determine the orientation of the vehicle, the

processor is further configured to determine one ori-
entation out of four possible orientations relative to a
centerline of the cylindrical pipe by storing an original
orientation of the vehicle and all further orientation
changes of the vehicle and determining which one of
the four possible orientations is a true orientation of
the vehicle based on the original orientation and all the
further orientation changes of the vehicle.

20. The system of claim 19, wherein the hinge is selected
from the group consisting of: a knuckle/pin hinge, a ball and
detent hinge, and a length of flexible material.

21. The system of claim 19, wherein the first part com-
prises a first chassis section and the second part comprises
a second chassis section.

22. The system of claim 21, wherein the first chassis
section includes a first wheel mounted thereto and the
second chassis section includes a second wheel mounted
thereto.

23. The system of claim 19, wherein the defined vehicle
geometric data includes at least a distance between the hinge
joint and a center of the first and second wheels, respec-
tively, and a diameter of the wheels.

24. The system of claim 19, wherein the first wheel
comprises a magnetic drive wheel and a second wheel
comprises a magnetic drive wheel.

25. The system of claim 19, wherein the vehicle is capable
of traversing a curved surface in a helical pattern.
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