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(57) Abrégée/Abstract:
The present disclosure Is directed at an adaptable vehicle that includes a pair of primary rollers for rolling along a surface on which
the vehicle Is travelling. At least one of the rollers Is rotatably powered. The adaptable vehicle also includes two sets of linking arms,
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(57) Abrege(suite)/Abstract(continued):

one of which Is coupled to one of the rollers and the other of which Is coupled to the other of the rollers such that moving the sets of
inking arms can shift the axes of rotation of the rollers without impeding rotation of the rollers. The sets of linking arms are
connected to and rotatable about an actuatable hub. Actuation of the hub causes at least one set of the linking arms to rotate
about the hub and shifts the axis of rotation of at least one of the rollers to allow the vehicle to adapt to its surroundings.
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(57) Abstract: The present disclosure 1s directed at an ad-
aptable vehicle that includes a pair of primary rollers for
rolling along a surface on which the vehicle is travelling.
At least one of the rollers 1s rotatably powered. The adapt-
able vehicle also mcludes two sets of linking arms, one of
which is coupled to one of the rollers and the other of
which 1s coupled to the other of the rollers such that mov-
ing the sets of linking arms can shift the axes of rotation
of the rollers without impeding rotation of the rollers. The
sets of linking arms are connected to and rotatable about
an actuatable hub. Actuation of the hub causes at least
one set of the linking arms to rotate about the hub and
shifts the axis of rotation of at least one of the rollers to
allow the vehicle to adapt to its surroundings.
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ADAPTABLE VEHICLE
TECHNICAL FIELD
10001] The present disclosure is directed at an adaptable vehicle. More particularly, the

present disclosure 1s directed at an adaptable vehicle that 1s able to climb objects such as pipes

and ducts.
BACKGROUND
[0002] Automation benefits society in several ways. For example, automating tasks by

using a machine instead of a person to perform the tasks can reduce the likelihood that a person
will be injured while performing the tasks, and can increase productivity by performing the tasks

faster than a person could. Accordingly, there exists ongoing research regarding creating more

robust, functional, and versatile machines.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] In the accompanying drawings, which illustrate one or more exemplary
embodiments:

[0004] Figure 1 is a top plan view of an adaptable vehicle, according to a first
embodiment.

[0005] Figure 2 1s a side elevation view of the adaptable vehicle of Figure 1.

[0006] Figure 3 is a bottom plan view of the adaptable vehicle of Figure 1.

10007] Figure 4 1s a perspective view of the adaptable vehicle of Figure 1.

[0008] Figure 5 1s a perspective view of an actuatable hub of the adaptable vehicle of
Figure 1.

[0009] Figure 6 1s a top plan view of a portion of the actuatable hub of Figure 5 at which

two linking arms connect to the actuatable hub.
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[0010] Figure 7 1s a top plan view of a portion of the adaptable vehicle of Figure 1 at

which one of the linking arms and one of the primary rollers of the adaptable vehicle are coupled

together.

[0011] Figures 8 and 9 are perspective views of the adaptable vehicle of Figure 1 with
two sets of linking arms positioned at one angle relative to the actuatable hub (Figure 8), and at

another angle relative to the actuatable hub (Figure 9).

[0012] Figure 10 1s a schematic view of the adaptable vehicle of Figure 1.

[0013] Figure 11 1s a block diagram of a control system that can be used to control the
adaptable vehicle of Figure 1.

[0014] Figures 12(a) and (b) are examples of the adaptable vehicles of Figure 1 being

used to climb a pole and a duct, respectively.

[0015] Figures 13(a) and 13(b) are a diagram of a coordinate system that can be used to
describe the dynamics of the adaptable vehicle of Figure 1 when the adaptable vehicle is

mounted to a pole and a force diagram of the adaptable vehicle mounted to the pole, respectively.

SUMMARY

[0016] According to a first aspect, there 1s provided an adaptable vehicle. The adaptable
vehicle includes a pair of a pair of primary rollers for rolling along a surface on which the

vehicle 1s travelling; at least one of the rollers is rotatably powered. The adaptable vehicle also

includes two sets of linking arms, one of which is coupled to one of the rollers and the other of
which 1s coupled to the other of the rollers such that moving the sets of linking arms can shift the

axes of rotation of the rollers without impeding rotation of the rollers. The adaptable vehicle

also includes an actuatable hub to which the sets of linking arms connect and about which the
sets of linking arms are rotatable. Actuation of the hub causes at least one set of the linking arms

to rotate about the hub and shifts the axis of rotation of at least one of the rollers to allow the

vehicle to adapt to its surroundings.

[0017] The hub roller may also be positioned to roll along the surface when the surface is

of an object located between the primary rollers and the hub roller.

o
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[0018] Each of the sets of linking arms may include a pair of linking arms between which

the object passes as the vehicle is travelling. The primary and hub rollers may be coplanar along

a roller plane that passes between the pairs of linking arms and that intersects the object.

[0019] The hub roller and the sets of linking arms may rotate about a common axis of
rotation.
[0020] The hub roller may be unpowered. Both of the primary rollers may be rotatably
powered.
[0021] Rotation of the sets of linking arms about the hub and of any of the rollers that are

powered may be driven by a DC motor having an output shaft coaxial with the axis about which

the rotation occurs.

[0022] The adaptable vehicle may also include a roller optical encoder positioned to
measure the angular position of one of the primary rollers, and the hub may also include a hub

optical encoder positioned to measure the angular position of the sets of linking arms.

[0023] According to another aspect, there is provided an adaptable vehicle for climbing
an object. The adaptable vehicle includes a pair of primary rollers positioned to roll along a
surface of one portion of the object. At least one of the rollers is rotatably powered. The
adaptable vehicle also includes an actuatable hub having a hub roller positioned to roll along a
surface ot another portion of the object. The hub is actuatable in expanding and contracting

directions. Two sets of linking arms each rotatably couple one of the primary rollers to the hub

such that actuation of the hub in the expanding direction causes the primary and hub rollers to

press against the object when the object is around the vehicle, and actuation of the hub in the

contracting direction causes the primary and hub rollers to clamp the object when the object is

located between the primary and hub rollers.

[0024] Each of the sets of linking arms may include a pair of linking arms between which
the object passes as the vehicle is climbing when the object is located between the primary and

hub rollers. The primary and hub rollers may be coplanar along a roller plane that passes

between the pairs of linking arms and that intersects the object.
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[0025] The hub rollers and the sets of linking arms may rotate about a common axis of
rotation.
[0026] The hub roller may be unpowered. Both of the primary rollers may be rotatably
powered.
5 [0027] The rotation of the sets of linking arms about the hub and of any of the rollers that

are powered may be driven by a DC motor having an output shaft coaxial with the axis about

which the rotation occurs.

[0028] The adaptable vehicle may also include a roller optical encoder positioned to
measure the angular position of one of the primary rollers, and the hub may also include a hub

10 optical encoder positioned to measure the angular position of the sets of linking arms.

[0029] According to another aspect, there is provided a method for climbing an object
using an adaptable vehicle for climbing the object. The method includes actuating the hub such
that frictional force between the primary and hub rollers press and the object is within a
predetermined range sufficient to prevent the vehicle from falling, and powering the primary

15  roller that 1s rotatably powered to propel the vehicle along the object.

10030] The method may also include detecting a change in the shape of the object and
accordingly actuating the hub such that the frictional force between the primary and hub rollers

and the object 1s maintained within a predetermined range sufficient to prevent the vehicle from

falling.

20 [0031} The method may also include detecting when the vehicle falls and, when the
vehicle falls, actuating the hub such that sufficient frictional force results between the primary

and hub rollers and the object to stop the vehicle from falling and locking the primary rollers in

place.

[0032] According to another aspect, there is provided a computer readable medium
25 having encoded thereon statements and instructions to cause a controller to control an adaptable

vehicle according to any of the foregoing methods.
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[0033] This summary does not necessarily describe the entire scope of all aspects. Other
aspects, teatures and advantages will be apparent to those of ordinary skill in the art upon review

of the following description of specific embodiments.

DETAILED DESCRIPTION

b B 4 4

10034] Directional terms such as “top”, “bottom”, “upwards”, “downwards”, “vertically”
and “laterally” are used in the following description for the purpose of providing relative
reference only, and are not intended to suggest any limitations on how any apparatus is to be

positioned during use, or to be mounted in an assembly or relative to an environment.

[0035] One particular type of machine that can be used to automate tasks is a “vehicle”,
which refers to a machine, such as a robot, that can move from one place to another.
Unsurprisingly, several types of vehicles are known in the art. These include, for example,
highly configurable robots that are built to imitate the human body; high degree-of-freedom
reconfigurable machines designed to resemble, for example, a snake; and simple and easy to
control wheeled machines that prioritize simplicity at the cost of flexibility and adaptability.
Research and development continues concerning vehicles that are robust, adaptable in that they

can respond to changes in their surroundings during use, and simple to use and construct.

[0036] The tollowing embodiments are directed at a vehicle that can adapt to changes in
its surroundings while remaining relatively straightforward to construct and use. In certain

embodiments the vehicle can be used to climb objects such as, for example, poles, stairs, and the

interior of ducts.

[0037] Figures 1 through 4 and 10 are different views of an adaptable vehicle 100,
according to one exemplary embodiment. Figures 1 through 4 are, respectively, top plan, side
elevation, bottom plan, and perspective views of the adaptable vehicle 100, while Figure 10 is a
schematic view emphasizing the components used to construct the adaptable vehicle 100. The
adaptable vehicle 100 has an actuatable hub 124 to which are connected two sets of linking arms
104a,b. In the present embodiment, one of the sets of linking arms 104a includes a pair of

linking arms 110a,b, while the other of the sets of linking arms 104b includes another pair of
linking arms 110c.d.
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[0038] The sets of linking arms 104a,b extend from the hub 124 and each is coupled to a
primary roller 102a,b: one of the sets of linking arms 104a is coupled to one of the primary
rollers 102a and the other of the sets of linking arms 104b is coupled to the other of the primary
rollers 102b. As discussed in greater detail below, the sets of linking arms 104a,b can be
actuated about the hub 124 so as to change the angle (¢, as labelled in Figure 2) between the hub
124 and the prnimary rollers 102a,b, which helps the adaptable vehicle 100 adapt to its

surroundings.

Coupling One of the Sets of Linking Arms 104b with One of the Primary Rollers 102b

[0039] Referring now to Figure 5, which depicts in detail the hub 124; Figure 6, which
depicts 1n detail the location at which the linking arms 110a,c attach to one end of the hub 124;
and to Figure 10, the hub 124 is composed of a variety of components. At the ends of the hub
124 are a pair of DC motors 114e,1 that respectively have output shafts 116e,f. The output shaft
116€ 1s inserted through one pair of connectors 122e,f, while the other output shaft 116f is
inserted through another pair of connectors 122g,h. Each pair of connectors 122e,f and 122g.h
are secured together such that rotation of one correspondingly results in rotation of the other; in
the depicted embodiment, this is accomplished by screwing flanges on each of the connectors
122¢,t together. The other connectors 122g,h are similarly fastened together. The connectors
1221,h are then inserted into, but not fixedly secured to, a hub roller 108. Consequently, rotation
of the output shafts 116e,f does not result in rotation of the hub roller 108, and the DC motors
114e,f can be driven without rotating the hub roller 108. The hub roller 108 can therefore be

described as unpowered.

[0040] Between the flanges of the pair of connectors 122e,f is secured a bracket 120a,
and between the flanges of the other pair of connectors 122gh is secured another bracket 120b.

Powering the DC motors 114e,f therefore results in rotation of the brackets 120a,b about the hub
124. The brackets 120a,b are respectively coupled to the linking arms 110c,d using connectors
1221,). The linking arm 110c is hollow, and a tubular portion of the connector 122i is inserted
into the linking arm 110c, following which a flange on the connector 122i is screwed to the
bracket 120a and the linking arm 110c is screwed to the connector 122i; the other linking arm

110d 1s similarly secured to the other bracket 120b using the other connector 122j. Using this
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structure, powering the DC motors 114e,f consequently results in rotation ot the hinking arms

110c,d relative to the hub 124 and changes ¢, as discussed in more detail below.

[0041] At the other end of the linking arms 110c¢,d is located one of the primary rollers
102b. Figure 7 depicts in detail the coupling between one of the linking arms 110d to the
primary roller 102b. The primary roller 102b 1s powered by a DC motor 114d. Attached to the
casing of the DC motor 114d is a motor mount 118d. The motor mount 114d 1s secured to an
end of the linking arm 110d using a connector 122d. A tubular portion of the connector 122d 1s
inserted into and screwed to the linking arm 110d, while a flange on the connector 122d 1s placed
against and screwed to the motor mount 118d; the motor mount 118d can swivel on the casing of
the DC motor 114d. On the other side of the primary roller 102b i1s another DC motor 114c,

motor mount 118c, and connector 122c¢; these are similarly secured to the other linking arm

110c.

[0042] The DC motor 114d has an output shaft 116d that is fixedly secured to the
primary roller 102b; the output shatft 116d and the axis of rotation of the primary roller 102b are
coaxial, as depicted by the dashed line in Figure 1. The output shaft 116d is inserted into and
screwed to the tubular interior of a connector 122n. The connector 122n has a flange that is
screwed to the primary roller 102b. Consequently, activation of the DC motor 114d results in
rotation of the primary roller 102b; in this sense the primary roller 102b is powered. On the
other side of the primary roller 102b is another DC motor 114¢, whose output shaft 116¢ is
similarly secured to the primary roller 102b using another connector 122m. During operation of
the adaptable vehicle 100 both of the DC motors 114¢,d can be activated to cause the primary
roller 102b to spin, consequently propelling the adaptable vehicle 100.

Coupling the Other of the Sets of Linking Arms 104a with the Other of the Primary Rollers 102a

(0043 ] Reterring again to Figures 5, 6, and 10, the other primary roller 102a is connected
using the other set of linking arms 104a to the hub 124. Referring now in particular to Figure 6
and to the connection of one of the linking arms 110a to the hub 124, the hub 124 includes a
motor mount 118e on to which the DC motor 114e is secured. The motor mount 118e and the

linking arm 110a are secured together using a connector 122a; a tubular portion of the connector

122a 1s 1nserted 1nto and screwed to the linking arm 110a, while a flange on the connector 122a

.7 -
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is placed against and screwed to the motor mount 118e; the motor mount 118e can swivel on the

casing of the DC motor 114e. On the other side of the hub 124, the other linking arm 110b is

similarly connected to another motor mount 1 18f via another connector 122b.

[0044] The primary roller 102a has on one side of it one DC motor 114a with an output
shaft 116a and on the other side of it another DC motor 114b with another output shaft 116b.
The output shafts 116a,b are fixedly coupled to the primary roller 102a using connectors 1220,p,
respectively, in a ssmilar fashion as how the other primary roller 102b is connected to the output
shafts 116c¢,d of its motors 114c¢,d; the output shafts 116a,b and the axes of rotation of the
primary roller 102a are coaxial, as depicted by the dashed line in Figure 1. Additionally, the
linking arms 110a,b are secured to the primary roller 102 via motor mounts 118a,b and
connectors 122¢,d, respectively, just as the other pair of linking arms 110c¢.,d are secured to the
other primary roller 102 via the other motor mounts 118c,d and the connectors 122k,

Consequently, activation of the DC motors 114a,b causes the primary roller 102a to spin,

consequently propelling the adaptable vehicle 100.

[0045] An exemplary list of parts that can be used to manufacture the adaptable vehicle
100 follows:
Component of Adaptable Vehicle Exemplary Component
DC motors 114a-d 4 x Lynxmotion' ™ 7.2VDC 291RPM 54.310z-

in GHM-03 Spur Gear Head Motor

DC motors 114e,f 2 x Lynxmotion™™ 7.2VDC 175RPM 99.040z-
in GHM-04 Spur Gear Head Motor

Primary rollers 102a,b 4 x Lynxmotion ™ Ant / Beetle Robot Tire -
2.125"D x 0.8"W (2 for each of the primary
rollers 102a,b)

Hub roller 108 1x Lynxmotionm Sumo Tire - 2.50"D x
1.5"W
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Linking arms 102a-d 4 x Lynxmotionm Aluminum Tubing - 3" AT-
02
Connectors 122¢e-h, m-p 8 X Lynxnrlotionwl HUB-04 Universal Hub -
6mm
Connectors 122a-d, 1-1 8 x Lynxmotionm Aluminum Tubing

Connector Hub HUB-08

Motor mounts 118e,f 2 X LynxmotionwI MMT-03 Motor Mounts
Motor mounts 118a-d 2 X Lynxmotionm MMT-03 Motor Mounts
(suitably machined)
Brackets 120a,b 1 2x Lynxmotionerluminum "L" Connector

Bracket (Brushed) ASB-06B

Operating the Adaptable Vehicle 100

[0046] As 1llustrated in Figures 8 and 9, the hub 124 can be actuated such that ¢ is
changed. By virtue of operating the DC motors 114e.f, which are located on either side of the

hub roller 108, the hub 108 can be actuated in either a contracting or an expanding direction.

[0047] Operating the DC motors 114e,f are actuated in a direction such that ¢ increases is
reterred to as actuating the hub 124 in an “expanding” direction; in contrast, actuating the DC
motors 114e,t such that ¢ decreases is referred to as actuating the hub 124 is a “contracting”
direction. In order for the adaptable vehicle 100 to transition from its position in Figure 8 to its

position in Figure 9, the hub 124 is actuated in the expanding direction.

[0048] Reterring now to Figure 12(a), there is shown the adaptable vehicle 100 climbing
a pole 130. The pole 130 passes in between the linking arms 110a,b that connect the hub 124 to
one of the primary rollers 102a and between the linking arms 110¢,d that connect the hub 124 to
the other of the primary rollers 102b. In order for all three of the rollers 102a,b and 108 to
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contact the surface of the pole 130 at any given time, the adaptable vehicle 100 1s designed so
that the three rollers 102a,b and 108 are coplanar along a “roller plane” (not depicted), and so
that the portion of the pole 130 along which the adaptable vehicle 100 rolls intersects the roller
plane. To prevent itself from falling, the adaptable vehicle 100 has to generate enough frictional
force between its rollers 102a,b and 108 and the surface of the pole 130 by sufticiently actuating
the hub 124 to cause the rollers 102a,b and 108 to press against the pole 130, the general method
for which 1s described below in respect of Figures 13(a) and (b). To increase frictional torce
between the rollers 102a,b and 108 and the pole 130, the hub 124 actuates in the contracting
direction, and to decrease frictional force the hub 124 actuates in the expanding direction.
Similarly, in Figure 12(b), there is shown the adaptable vehicle 100 climbing the interior of a
duct 126. As with climbing the pole 130, the adaptable vehicle 100 generates enough frictional
force to be able to climb the duct 126. In contrast to the pole 130, the adaptable vehicle 100
increases frictional force between itself and the duct 126 by actuating the hub 124 in the

expanding direction, and decreases frictional force by actuating the hub 124 in the contracting

direction.

[0049] While travelling through or along objects such as the duct 126 and the pole 130,
the object may change shape and the adaptable vehicle 100 may compensate as a result 1n order
to maintain frictional forces within a predetermined range sufficient to prevent the vehicle 100
from falling; such a predetermined range may be, for example, between the minimum frictional
force required to keep the adaptable vehicle 100 from falling and 10% above this minimum
force. For example, when travelling along the pole 130, the pole 130 may suddenly decrease in
diameter. An optical encoder (not shown) positioned on the adaptable vehicle 100 to measure ¢
can detect that @ has consequently increased notwithstanding no intended change in operation of

the DC motors 114e,f, and conclude that this occurred because the pole 130 diameter has

decreased (an exemplary optical encoder is a Lynxmotion " quadrature motor encoder with

cable). In response, the DC motors 114e,f can be instructed such that the hub 124 actuated in the
expanding direction to restore the frictional force to the predetermined range. The hub 124 can
analogously be actuated in the contracting direction if the pole 130’s diameter expands or the

duct 126’s width contracts, and can be actuated in the expanding direction if the duct 126’s width

Increases.

- 10 -
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[0050] The adaptable vehicle 100 may also be outfitted with an accelerometer to detect if
the adaptable vehicle 100 is, for whatever reason, falling. Upon detecting falling, the hub 124
may be actuated so as to immediately stop the falling by actuating as far as possible in either the
contracting direction, if the object on which the adaptable vehicle 100 is travelling is between the
rollers 102a,b and 108, or the expanding direction, if the object on which the adaptable vehicle
100 1s travelling i1s around the adaptable vehicle 100. Simultaneous with this expansion or

contraction, the DC motors 114a-d would also lock the primary rollers 102a,b in place by

preventing them from spinning.

[0051] Figure 13(a) depicts a coordinate system that can be used to describe the
dynamics of the adaptable vehicle 100, while Figure 13(b) is a force diagram of the adaptable
vehicle 100 on the pole 130. Both Figures 13(a) and 13(b) are helpful for deriving how much
torque can be applied to the primary rollers 102a,b to allow for acceleration up the pole 130
without slippage, and for deriving how much normal force to apply to the rollers 102a,b and 108
in order to prevent the adaptable vehicle 100 from falling down the pole 130. The following

derivation uses the variables as defined in Figures 13(a) and 13(b) and are in the context of the

adaptable vehicle climbing the pole 130.

[0052] In the depicted embodiment the adaptable vehicle 100 can be modelled as having

two degrees of freedom. This is true in the ideal situation that assumes pure rolling (i.e.: no

slippage) between the rollers 102a,b and the surface of the pole 130, and that assumes no lateral

motion (motion along the arrow labelled  in Figure 13(a)) of the center of gravity of the

adaptable vehicle 100. The two degrees of freedom are rotational motion of the primary rollers
102a,b (denoted using ¢ in Figure 13(a)), and rotational motion of the linking arms 110a-d

(denoted using # in Figure 13(a)). These two variables are used as the generalized coordinates

when deriving dynamics equations for the adaptable vehicle 100 using Lagrangian Mechanics.

[0053] With respect to Figure 13(a), the following assumptions are made:

Me=iMg=M, <

Feati=Ti=T
Y Tzg=Vga=¥3=13
ig:{::{
Ha=@Ps=@
31 =92=83=g

YVe=¥a=¥Vz=Y¥
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where

M; = the mass of the i pair of DC motors 114a-f and the roller 102a,b and 108

associated with that pair of motors 114a-f, or the mass of the i™ set of linking arms

104a,b;

*. = the radius of the i'" roller 102a,b and 108;

s = the radius of the i motors’ 114a-f rotor; and
{1.iz = the length of the linking arms 104a,b.

[0054] Mathematically, pure rolling is represented mathematically as follows:

y — 10 = 0 (where 0 1s in radians)

[0055] Assuming that the center of gravity of the adaptable vehicle 100 does not laterally
move, lateral motion of the primary rollers 102a,b (labelled B in Figure 13(a)) is related to

angular motion of the sets of linking arms 104a,b as follows:

g 2my 2+ Mmyg

. >

I{cos ¢pg — COs E@ i3 Mrotal

where myy, denotes the total mass of the adaptable vehicle 100. The position (Y;) and velocity
(Vi) ot 1) the pair of primary rollers 102a,b and the motors 114a-d that power them; 2) the hub
roller 108 and the motors 114e.f that rotate the sets of linking arms 104a.b; and 3) the sets of

linking arms 104a,b can be calculated in terms of the two degrees of freedom ¢ and € as

follows:
Yy=1r86 + i;(.si.n @ — sin @g )
Y,=r8 — l{sing — sin @y )

Y= ¥

2(sing —sing, )

Y,.;.: rg +
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!

V= r — —ee
2(sing —singy )

¢ = P-1%(singp)? f A - — 1 ",l + ¢-1%icos @)’ +r-8% + 2rifpcos @

v —_
1 ltcos @g —cos.@r;

2 = o2 1%(sing)? | =

Vs 1 rOK an — cOsdt
licos @ — cos. 91!

-1 | + @ lf(cos @it +r<9% — 2ri@pcos ¢

N

2 2 A2 - 232 £ 2/ B |
v = 928 ] T —

2 .
1 1= ‘ }
2 =1223'l z( p _ :z_;‘ ;z "7 2 . . §
Vs @-l*isin @) Tcos @g — o5 07} 2) + @ T s +r<8“ +rl@pcos e
oy i 1\~ L I* . y ,
V-° = @ I*(sin ‘“"(———-—-—.-.—-—r-_--— . P-—Ic0s @) +r 8% — rl@pcos
2 » | L& licos g —cosi @y 2 T 3 P » L4

where @s denotes the angle each of the linking arms 104a,b makes with an axis normal to the
pole 130’s surface when the rollers 102a,b and 108 just touch the pole 130’s surface (i.e.:

mimimum angle at which the adaptable vehicle 100 will be suspended on the pole 130), and when

¥ > 0 the amount of torce applied to the surface of the pole 130 increases, and when ¢ < 0 the

amount ot torce applied to the surface of the pole 130 decreases.

[0056] The kinetic and potential energies of the adaptable vehicle 100 can be calculated

interms of ¢ and ¢ as:

T =

| e

{11168% + 1:8% +1160% + 139% + 1597 + mqVy" + maVo 2 + maV3 2 + myVy 2 + mgVg %)

\

X

V=(Y1Jnig+(Yz)mag +(V3dmag + (Y Imug 4 (Y5hng

where I, denotes moments of inertia of the various moving parts of the adaptable vehicle 100.

[0057] Reterring now to Figure 13(b), there is shown a force diagram of the adaptable
vehicle 100 as it is travelling upwards along the pole 130. The notations used in Figure 13(b)

include:

- 13 -



10

15

20

CA 02825928 2013-07-29
WO 2012/106809 PCT/CA2012/000118

Ti = the torque applied by the i pair of DC motors 114a-f;

N; = the normal force from the pole 130’s surface exerted on the i pair of rollers 102a,b

and 108;

T = the resisting torque due to rolling friction between the pole 130’s surface and the i"

pair of rollers 102a,b and 108; and

Igr = the resisting torque due to sliding friction between the axle of the hub roller 108

and 1ts bearing.

{ée =11t 7 — ("fl tiptiy 3 Jsign(6) (1)

Qe = T3 — Typsign(p)
where

sign() refers to the signum function;

-

Qs = non-potential portion of the generalized forces causing change in ¢ ; and

¢ = non-potential portion of the generalized forces causing change in % .

[0058] Additionally:

{ T = 2ht; A;
Tri = BT (2]
\frr = F‘?’gﬁfgfa

A; = current drawn by the i pair of DC motors 114a-f, in Amps;
K1t; = torque constant of the i"" pair of DC motors 114a-f:
frs = sliding friction coefficient between the hub roller 108’s axle and its bearing;

H#r = rolling friction coefficient between the rollers 102a,b and 108 and the pole 130’s

surface; and

¥a = radius of the hub roller 108’s axle.
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[0059] Assuming the torque constants of the DC motors 114a-d are equal, K, = Ky, = K.
Assuming that the pole 130 has a flat surtace, the overall torques generated by the pairs of DC

motors | 14a-d for the primary rollers 102a,b are 1, = 15 = 2 K; A, 3. The overall torque generated

by the motors | 14e,f adjacent to the hub roller 108 is 13 = 2 K3 A;. The torque constants of the

motors | 14a-f are normally specified by the manufacturer.

[0060] Assuming that the center of gravity of the adaptable vehicle 100 does not move
laterally:

Ny ¥+ Ny = N3 and Ni = Ny, (3)

Then:

.Vg =N
Ny= Ny =- )

SR

and, from the above equations:

{ég — 4kt1'2il1'2 = 2}1,£V7’Sigﬂ(é) (_.)

- N

| Q@ — Zktgﬁg — p,..,ﬁt'rasign(cb)

[0061] The generalized forces shown in Figure 13(b) can be related to the generalized

coordinates shown in Figure 13(a) through the Lagrange formulae:

d aT aVy (T aVy .
25 55) (55— 35) = @

- 368 08 ae ade 6
d (ar dV) aT dV)__ Y
at\op e \ap de)” %

This results in the following set of differential equations:

B, 6+ B,gr = 4kt, , A, , — 2 Nrsign(6) .
2 B, =2kt A, — j1_Nr sign()
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where,
2 2 2
By=1,+21,+2m ,r" +2m r" +m,r

B, =2m , +m, + 2m4’5

 Tmy st o .
By =my l°+ 12 + (sin@*— 2 sing cos @ ) ...
{ £ my g(2my ,2+m4,s}2 _ zimy a(2my g+my g} + Zmy(zmy 3+ s)” + g gi2my 2+ Me s} _ i '?’-'!4..5[2“?’*1.2*"‘4,.5})
Repeat? TNeatal ZMegeal® Meoeal” Teotal -
[0062] The normal force, N, is used in Equation (7). This normal force can be calculated

by taking the stiffness and damping between the rollers 102a,b and 108 and the pole 130’s
surface 1nto account. The normal force can be then related to the mass and also the angular

position of the linking arms 104a,b as follows:

! (kco SPg —RcosPp + bopzing ) (2”11.2 + m4,5)

Mynpal

N ' 8)
[0063] In Equation (8), K and b are the stiffness and damping coefficients, respectively.

The numerical values for the motors’ 114a-f parameters are available from the motors’ 114a-f

manufacturer, while mechanical properties such as mass moment of inertias can be directly

measured.

(0064] From the foregoing equations, the amount of current A; for each of the three pairs

of motors 114a-f can be determined over a range of operating conditions.

[0065] Figure 11 is a block diagram of an exemplary control system 128 that includes

both PID control and a feed-forward gravity compensator, which can be used to control the
adaptable vehicle 100. When the control system 128 utilizes feedback, the adaptable vehicle 100
may be outfitted with the optical encoders (not shown) that can be used to determine the angular
position of the rollers 102a,b and 108. The following table provides exemplary values for the

parameters used in the control system 128 of Figure 11, when the control system 128 controls the

adaptable vehicle 100 as it travels up the pole 130.
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Parameter Value
Kp (PID controller gain) 0.7 volts/rad
K (PID controller gain) 2.0 Volts/rad-sec
K4 (PID controller gain) 0.55 Voltssec/rad

Ker (feedforward controller gain)

1.1 Volts/rad

[vi,v2] (input voltage applied to the motors
114a-1; v, refers to the voltage applied to the
motors 114a-d, while v, refers to the voltage

applied to the remaining motors 114e,{)

0 <(vi1,2) £7.2 Volts (nominal voltage 1s 7.2

Volts)

|p4,04] (desired linking arm 104a,b and roller
102a,b and 108 angles)

[04,04] can both be set as desired by the user of
the adaptable vehicle 100 within practical
limits depending on operating conditions. For
example, 041s limited by motor output and may
be set so as to avoid roller slippage. @4 1s set
such that the normal force is sufficient to
support the adaptable vehicle 100’s weight on
the pole 130.

[90,9] (actual linking arm 104a,b and roller

102a,b and 108 angles as measured using

While the adaptable vehicle 100 is moving 6

changes constantly. Exemplary suitable values

optical encoders) for ¢ are 42° < ¢ < 50"
r (radius of the rollers 102a,b and 108) 2.54 mm
K. (servo amplifier gain) 2.0 Volts/Volts
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Kene (optical encoders’ calibration constant) 0.9 degrees/count

[c1,¢2] (optical encoders’ clicks) ¢ = ¢ = 400 counts per revolution

[0066] The control system 128 may, for example, include a Q4 H.L.LL. board from

Quanser " and a terminal board. Software used to control the adaptable vehicle 100 can include,

™

for example, Matlab' "/Simulink' " from Mathworks'" and real-time Quarc' " control software

by Quanser . A joystick can be used as the human-machine interface. A PS2X3W24 power
™

supply and two brush-type 12A8 linear servo amplifiers from Advanced Motion ™ can be used
to drive the motors.
[0067] The control system 128 may also be configured to implement the various

exemplary methods regarding stopping in response to fall detection and responding to changes in
the shape of an object it 1s scaling, such as the pipe 124 or the duct 126, as described above. The
control system 128 may control the adaptable vehicle 100 using either wireless or wired

technology.

[0068] [n alternative embodiments (not depicted), the exemplary adaptable vehicle 100
described and depicted above may be modified in a variety of ways. For example, the adaptable
vehicle 100 may incorporate irreversible gear trains on the DC motors 114e,f used to actuate the
hub 124 to alleviate torque strain on the DC motors 114e,f; torsion springs may be added at
connection points between the linking arms 110a-d to assist the DC motors 114e,f in handling

strain caused by torque; electromagnetic breaks may be added for use in implementing

emergency stop after a fall 1s detected; the DC motors 114a-f may be made watertight for

underwater applications; the rollers 102a,b and 108 may be coupled to the remainder of the

adaptable vehicle 100 with flexible joints so as to help the vehicle 100 conform to contoured
objects, such as bending pipes, and so as to help prevent the vehicle 100 from ascending a rope
or pole in an undesirable spiral path; and inertial sensors may be added to the adaptable vehicle
100 to help detect freefall. Additionally, although the depicted adaptable vehicle 100 utilizes
three rollers 102a,b and 108, in alternative embodiments more than three rollers may be used, or,

if the vehicle 100 is not designed to climb, only the primary rollers 102a,b can be used. Any
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additional rollers can be used to lengthen the adaptable vehicle 100, to widen the adaptable
vehicle 100, or both.

[0069] Furthermore, although the rollers 102a,b and 108 of the depicted adaptable
vehicle 100 are coplanar, any rollers used 1n alternative embodiments (not depicted) may not be

coplanar. For example, the rollers used in an alternative embodiment may be spaced in both

length and width so as to lower the likelihood that the adaptable vehicle 100 will flip when

performing sharp turns.

[0070] The foregoing exemplary methods used to control the adaptable vehicle 100 may
be stored on any suitable type of computer readable medium, such as but not limited to a CD-
ROM, DVD, magnetic disk storage product, flash media, and any suitable type of volatile or
non-volatile RAM (e.g.: SDRAM) or ROM (e.g.. EEPROM).

[0071] The control system 128 and any of the methods described above may be

implemented using any suitable type of controller, such as a dedicated PID and feed-forward
controller; an application-specific integrated circuit; a field programmable gate array; standard

integrated circuits; any one or more microprocessors or microcontrollers; as firmware; or on any

suitable combination thereof or any other suitable controller.

[0072] Further, in the foregoing exemplary methods, the various acts may be performed

In a different order than described, some acts may be omitted entirely, and some acts may be

added to the methods.

[0073] Any part of any aspect, embodiment, or method discussed in this specification can

be implemented or combined with any other embodiment, aspect, or method.

[0074] For the sake of convenience, the embodiments above are described as various

interconnected tunctional blocks or distinct software modules. This is not necessary, however,
and there may be cases where these functional blocks or modules are equivalently aggregated
into a single logic device, program or operation with unclear boundaries. In any event, the
functional blocks and software modules or features of the flexible interface can be implemented

by themselves, or in combination with other operations in either hardware or software.
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[0075] While particular embodiments have been described in the foregoing, 1t 1s to be
understood that other embodiments are possible and are intended to be included herein. It will

be clear to any person skilled in the art that modifications of and adjustments to the foregoing

embodiments, not shown, are possible.
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CLAIMS

1.

d

10
2.

15
3.
20 4.
.
0.

25

An adaptable vehicle, comprising:

(a) a pair of primary rollers for rolling along a surface on which the vehicle 1s

travelling, wherein at least one of the rollers 1s rotatably powered;

(b)  two sets of linking arms, one of which is coupled to one of the rollers and the
other of which is coupled to the other of the rollers such that moving the sets of

linking arms can shift the axes of rotation of the rollers without impeding rotation

of the rollers; and

(¢) an actuatable hub to which the sets of linking arms connect and about which the
sets of linking arms are rotatable, wherein actuation of the hub causes at least one
set of the linking arms to rotate about the hub and shifts the axis of rotation of at

least one of the rollers to allow the vehicle to adapt to its surroundings.

A vehicle as claimed in claim 1 wherein the hub further comprises a hub roller positioned

to roll along the surface when the surface i1s of an object located between the primary

rollers and the hub roller.

A vehicle as claimed 1n claim 2 wherein each of the sets of linking arms comprises a pair
of linking arms between which the object passes as the vehicle 1s travelling, and wherein

the primary and hub rollers are coplanar along a roller plane that passes between the pairs

of linking arms and that intersects the object.

A vehicle as claimed 1n claim 2 wherein the hub roller and the sets of linking arms rotate

about a common axis of rotation.
A vehicle as claimed 1n claim 2 wherein the hub roller 1s unpowered.

A vehicle as claimed in claim 1 wherein rotation of the sets of linking arms about the hub

and of any of the rollers that are powered is driven by a DC motor having an output shaft

coaxial with the axis about which the rotation occurs.
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A vehicle as claimed in claim 1 further comprising a roller optical encoder positioned to
measure the angular position of one of the primary rollers and wherein the hub turther
comprises a hub optical encoder positioned to measure the angular position of the sets of

linking arms.

A vehicle as claimed in claim 1 wherein both of the primary rollers are rotatably

powered.
An adaptable vehicle for climbing an object, the vehicle comprising:

(a) a pair of primary rollers positioned to roll along a surtace of one portion of the

object, wherein at least one of the rollers 1s rotatably powered;

(b) an actuatable hub comprising a hub roller positioned to roll along a surface of

another portion of the object, wherein the hub 1s actuatable in expanding and

contracting directions; and

(¢) two sets of linking arms each rotatably coupling one of the primary rollers to the
hub such that actuation of the hub in the expanding direction causes the primary
and hub rollers to press against the object when the object is around the vehicle,

and actuation of the hub in the contracting direction causes the primary and hub

rollers to clamp the object when the object 1s located between the primary and hub

rollers.

A vehicle as claimed in claim 9 wherein each of the sets of linking arms comprises a pair
of linking arms between which the object passes as the vehicle is climbing when the
object 1s located between the primary and hub rollers, and the primary and hub rollers are

coplanar along a roller plane that passes between the pairs of linking arms and that

intersects the object.

A vehicle as claimed in claim 9 wherein the hub rollers and the sets of linking arms rotate

about a common axis of rotation.

A vehicle as claimed 1n claim 9 wherein the hub roller is unpowered.
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A vehicle as claimed in claim 9 wherein the rotation of the sets of linking arms about the
hub and of any of the rollers that are powered is driven by a DC motor having an output

shaft coaxial with the axis about which the rotation occurs.

A vehicle as claimed in claim 9 further comprising a roller optical encoder positioned to
measure the angular position of one of the primary rollers and wherein the hub further

comprises a hub optical encoder positioned to measure the angular position of the sets of

linking arms.

A vehicle as claimed in claim 9 wherein both of the primary rollers are rotatably

powered.

A method for climbing an object using a vehicle as claimed in any one of claims 9 to 15,

the method comprising:

(a) actuating the hub such that frictional force between the primary and hub rollers

press and the object is within a predetermined range sufficient to prevent the

vehicle from falling; and

(b) powering the primary roller that 1s rotatably powered to propel the vehicle along

the object.
A method as claimed 1n claim 16 further comprising:

(a) detecting a change 1n the shape of the object; and

(b) accordingly actuating the hub such that the frictional force between the primary

and hub rollers and the object is maintained within a predetermined range

sufficient to prevent the vehicle from falling.
A method as claimed 1n claim 16 further comprising:

(a) detecting when the vehicle falls; and

_23 .-



19.

CA 02825928 2013-07-29
WO 2012/106809 PCT/CA2012/000118

(b)  when the vehicle falls, actuating the hub such that sufficient frictional force

results between the primary and hub rollers and the object to stop the vehicle from

falling and locking the primary rollers in place.

A computer readable medium having encoded thereon statements and instructions to

cause a controller to control an adaptable vehicle according to a method as claimed in any

one of claams 16 to 18.
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