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VARIABLE LINKAGE ASSISTED GRIPPER

BACKGROUND OF THE INVENTION

I'teld of the Invention

[0001]  The present application relates gencrally to gripping mechanisms for

downhole tools.

Description of the Related Art

0002} Tractors for moving within underground borcholes are used for a variety
of purposes, such as oil drilling, mining, laying communication lines, borehole intervention
and many other purposes. In the petroleum industry, for example, a typical oil well
comprises a vertical borehole that is drilled by a rotary drilf bit attached to the end of a drill
string.  The drill string may be constructed of a series of connected links of drill pipe that
extend between ground surface equipment and the aft end of the tractor. Alternatively, the
drill string may comprise flexible tubing or “coiled tubing” connected to the aft end of the
tractor. A drilling fluid, such as drilling mud, is pumped from the ground surface equipment
through an interior flow channel of the drill string and through the tractor to the drill bit. The
drilling fluid is uscd to cool and lubricate the bit, and to remove debris and rock chips from
the borehole, which are created by the drilling process. The drilling fluid returns to the
surface, carrying the cuttings and debris, through the annular space between the outer surface
of the drill pipe and the inner surface of the borehole.

[06003] Tractors for moving within downhole passages are often required to
operate in harsh environments and limited space. For example, tractors used for oil drilling
may encounter hydrostatic pressures as high as 16,000 psi and temperatures as high as 300°F.
Typical boreholcs for oil drilling are 3.5-27.5 inches in diameter. Further, to permit turning,
the tractor length should be limited. Also, tractors must often have the capability to generate
and exert substantial force against a formation. For example, operations such as drilling
require thrust forces as high as 30,000 pounds.

[0004] Western Well Tool, Incorporated has developed a variety of downhole

tractors for drilling, completion and intervention processes for wells and boreholes. These
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various tractors are intended to provide locomotion, to pull or push various types of loads.
For each of these various types of tractors, various types of gripper elements have been
developed. Thus an important part of the downhole tractor tool is its gripper system.

[0005]) In one known design, a tractor comprises an ¢longated body, a propulsion
system for applying thrust to the body, and grippers for anchoring the tractor to the inner
surface of a borehole or passage while such thrust is applied to the body. Each gripper has an
actuated position in which the gripper substantially prevents relative movement between the
gripper and the inner surface of the passage, and a retracted position 1n which the gripper
permits substantially free relative movement between the gripper and the inner surface of the

passage. Typically, each gripper is slidingly engaged with the tractor body so that the body
can be thrust longitudinally while the gripper is actuated.

[0006] Tractors may have at least two grippers that alternately actuate and reset to
assist the motion of the tractor. In one cycle of operation, the body is thrust longitudinally
along a first stroke length while a first gripper is actuated and a second gripper 1s retracted.
During the first stroke length, the second gripper moves along the tractor body in a reset
motion. Then, the second gripper is actuated and the first gripper is subsequently retracted.
The body is thrust longitudinally along a second stroke length., During the second stroke
length, the first gripper moves along the tractor body in a reset motion. The first gripper is
then actuated and the second gripper subsequently retracted.  The cycle then repeats.
Alternatively, a tractor may be equipped with only a single gripper for specialized
applications of well intervention, such as movement of sliding sleeves or perforation
equipment. In still another alternative, a tractor can be equipped with more than two, such as
three grippers along the tractor body.

[0007] Grippers may be designed to be powered by fluid, such as drilling mud in
an open tractor system or hydraulic fluid in a closed tractor system. Typically, a gripper
assembly has an actuation fluid chamber that receives pressurized fluid to cause the grnipper to
move to its actuated position. The gripper assembly may also have a retraction fluid chamber
that receives pressurized fluid to cause the gripper to move to its retracted position.
Alternatively, the gripper assembly may have a mechanical retraction element, such as a coil

spring or leaf spring, which biases the gripper back to its retracted position when the
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pressurized fluid is discharged. Motor-operated or hydraulically controlled valves in the

tractor body can control the delivery of fluid to the various chambers of the gripper assembly.

SUMMARY OF THE INVENTION

{0008} In certain embodiments, a gripper assembly 1s provided comprising an
elongate body, an expansion surface, and a linkage. The elongate body has a length along a
first axis. The linkage 1s configured to be radially expanded between a retracted position and
an expanded position relative to the elongate body. The linkage comprises a first link having
a first end and a second end, and a second link coupled to the second end of the first link.
The first end of the first link is stidably mounted to the elongate body. At least one of the
first end of the first link and the second end of the second link forms a base angle relative to
the first axis. For a first expansion range from a first position to a second position,
movement of the first end of the first link relative to the second end of the second link
radially expands the linkage. For a second expansion range a rate of change in the base angle
1s limited while the linkage radially expands. Desirably, the rate of change in the base angle
Is reduced through outward radial movement of the second end of the second link

[0009] In other embodiments a gripper assembly is provided comprising a
gripper. The gripper comprises a first portion and a second portion. The gripper has a first
end and a second end. The gripper 1s expandable between a retracted position and an
expanded position. Movement of the first end of the gripper towards the second end of the
gripper expands the gripper for a first expansion range. Radial movement of the second end
of the gripper expands the gripper for a second expansion range.

[0010] In other embodiments, a gripper assembly is provided comprising an
elongate body, a power section, an expansion surface, and a linkage. The elongate body has a
length along a first axis. The power section Is configured to exert a force along the first axis.
The power section has a stroke length. The expansion surface is slideable with respect to
and, dcsirably, i1s slidably mounted on the elongate body. The linkage is configured to be
radially expanded between a retracted position and an expanded position relative to the
elongate body. The linkage comprises a first link having a first end and a second end, and a

second link coupled to the second end of the first link. The first end of the first link is
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slidably mounted to the eJongate body and movable responsive to application of the force by
the power section. For a first expansion range from a first position to a second position,
movement of the first end of the first link relative to the second link of the linkage radially
expands the linkage. For a second expansion range, the expansion surface bears on the
linkage to radially expand the linkage. The linkage has a diametric expansion defined by a
difference between a diameter of the gripper assembly with the linkage in the expanded
position and the diameter of the gripper assembly with the linkage in the retracted position.
A ratio of the stroke length to the diametric expansion of the linkage is approxtmately 3.1/5.

[0011] In other embodiments, a gripper assembly is provided comprising an
elongate body and a linkage. The elongate body has a length. The linkage is configured to be
radially expanded. The linkage acts as a three-bar linkage over a first radial expansion range
and as a four-bar linkage over a second radial expansion range.

[0012] In other embodiments, a gripper assembly is provided comprising an
elongate body, an expansion surface, and a linkage. The elongate body has a length along a
first axis. The expansion surface is slidably mounted on the elongate body. The linkage 1s
configured to be radially expanded between a retracted position and an expanded position
relative to the elongate body. The linkage has a first end and a second end, the first end of
the linkage is slidably mounted to the elongate body and movable responsive to appiication of
a longitudinal force. For a first expansion range from a first position to a second position,
movement of the first end of the linkage relative to the second end of the linkage radiaily
expands the linkage. For a second expansion range, the expansion surfacc bears on the
linkage to radially expand the hinkage.

[0013] In other embodiments, a gripper assembly comprises an elongate body and
a linkage. The elongate body has a length along a first axis. The linkage comprises a first
link and a second link pivotably interconnected in series and expandable relative to the
clongate body from a retracted position to an expanded position. The first link has a first end
coupled to the elongate body and a second end pivotally coupled to the second link. The
second link has a first end pivotally coupled to the first link and a second end that is radially
extendable from the elongate body. For a first expansion range of the linkage, rotation of the

first and second link relative to one another radially expands the linkage. For a sccond
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expansion range of the linkage mechanism, outward radial movement of the second end of the

second link radially expands the linkage.

[0014] In other embodiments, a method for imparting a force to a passage is provided.
The method comprises positioning a force applicator in the passage, generating a radial
expansion force over a first expansion range, generating a radial expansion force over a second
expansion range. The force applicator comprises an expandable assembly comprising an
elongate body and a first link having a first end coupled to the elongate body and a second end
opposite the first end, and a second link having a first end coupled to the second end of the first
link and a second end coupled to the elongate body. Generating a radial expansion force over a
first expansion range is performed by buckling the first and second links with respect to the
elongate body. Generating a radial expansion force over a second expansion range is performed

by moving the second end of the second link radially outward with respect to the elongate body.

In accordance with an aspect of the present invention, there is provided a gripper
assembly comprising; an elongate body having a length along a first axis; a linkage configured to
be radially expanded between a retracted position and an expanded position relative to the
elongate body, the linkage comprising a first link having a first end and a second end, and a
second link having a first end and a second end, said second end of the first link coupled to the
first end of the second link, the first end of the first link slidable with respect to the elongate
body, one of the first end of the first link and the second end of the second link forming a base
angle relative to the first axis; and an expansion surface slidable with respect to the elongate
body; wherein for a first expansion range from a first position to a second position, pushing of
the first end of the first link toward the second end of the second link radially expands the
linkage, and for a second expansion range a rate of change in the base angle is reduced as the
linkage radially expands; and wherein for a third expansion range between the retracted position

and the first position, the expansion surface bears on the linkage to radially expand the linkage.

In accordance with another aspect of the present invention, there is provided a gripper
assembly comprising an elongate body having a length along a first axis; a power section
configured to exert a force along the first axis, the power section having a stroke length; an
expansion surface slidably with respect to the elongate body; a linkage configured to be radially

expanded between a retracted position and an expanded position relative to the elongate body,

5.
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the linkage comprising a first link having a first end and a second end, and a second link coupled
to the second end of the first link, the first end of the first link slidably mounted to the elongate
body and movable responsive to application of the force by the power section; wherein for a first
expansion range from a first position to a second position, movement of the first end of the first
link relative to the second link of the linkage radially expands the linkage, and for a second
expansion range from a third position to a fourth position, the expansion surface bears on the
linkage to radially expand the linkage, wherein the linkage is expanded more in the third position
than in the first position; and wherein the linkage has a diametric expansion defined by a
difference between a diameter of the gripper assembly with the linkage in the expanded position
and the diameter of the gripper assembly with the linkage in the retracted position, and wherein a

ratio of the stroke length to the diametric expansion of the linkage is approximately 3.1/5.

In accordance with another aspect of the present invention, there is provided a gripper
assembly comprising, an elongate body having a length; a linkage configured to be radially
expanded, the linkage acting as a three-bar linkage over a first radial expansion range and as a
four-bar linkage over a second radial expansion range; and a power section configured to

generate a force generally aligned with a length of the gripper assembly to radially expand the

linkage.

In accordance with another aspect of the present invention, there is provided a gripper
assembly comprising: an elongate body having a length; a linkage configured to be radially
expanded, the linkage acting as a three-bar linkage over a first radial expansion range and as a
four-bar linkage over a second radial expansion range, the linkage comprising a push link, a toe
link, and a support link rotatably connected in series; a first roller assembly near the coupling of
the push link to the toe link; a second roller assembly near the coupling of the toe link to the
support link; an operating sleeve configured to be advanced axially along the length of the

assembly, the operating sleeve comprising a ramp configured to contact at least one of the first

roller assembly and the second roller assembly.

In accordance with another aspect of the present invention, there is provided a gripper
asSembly comprising an elongate body having a length along a first axis; an expansion surface
slidably mounted on the elongate body; a linkage configured to be radially expanded between a

retracted position and an expanded position relative to the elongate body, the linkage having a

-52a-
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first end and a second end, the first end of the linkage slidably mounted to the elongate body and
movable responsive to application of a longitudinal force; wherein for a first expansion range
from a first position to a second position, movement of the first end of the linkage relative to the
second end of the linkage radially expands the linkage, and for a second expansion range from a
third position to a fourth position, the expansion surface bears on the linkage to radially expand

the linkage, wherein the linkage is expanded more in the third position than in the first position.

In accordance with another aspect of the present invention, there is provided a gripper
assembly comprising: an elongate body having a length along a first axis; a linkage comprising a
first link and a second link pivotably interconnected in series and expandable relative to the
elongate body from a retracted position to an expanded position; wherein the first link has a first
end coupled to the elongate body and a second end pivotally coupled to the second link; wherein
the second link has a first end pivotally coupled to the first link and a second end that 1s radially
extendable from the elongate body; and wherein for a first expansion range of the linkage from a
first position to a second position, rotation of the first and second link relative to one another
radially expands the linkage, and for a second expansion range of the linkage mechanism from a
third position to a fourth position, outward radial movement of the second end of the second link
from a position adjacent the elongate body radially expands the linkage, wherein the linkage 1s
expanded more in the third position than in the first position; and a flexible continuous beam

connected to the elongate body and configured to be radially expanded with respect to the body

by expansion of the linkage.

In accordance with another aspect of the present invention, there is provided a gripper
assembly comprising an elongate body having a length along a first axis; a linkage comprising a
first link and a second link pivotably interconnected in series and expandable relative to the
elongate body from a retracted position to an expanded position; wherein the first link has a first
end coupled to the elongate body and a second end pivotally coupled to the second link; wherein
the second link has a first end pivotally coupled to the first link and a second end that is radially
extendable from the elongate body; and wherein for a first expansion range of the linkage from a
first position to a second position, rotation of the first and second link relative to one another
radially expands the linkage, and for a second expansion range of the linkage mechanism from a
third position to a fourth position outward radial movement of the second end of the second link

radially from a position adjacent the elongate body expands the linkage, wherein the linkage is
-5b-
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expanded more in the third position than in the first position; and wherein longitudinal
movement of an expansion surface with respect to the elongate body moves the second end of

the second link radially outward.

In accordance with another aspect of the present invention, there is provided a method for
imparting a force to a passage, comprising: positioning a force applicator in the passage, the
force applicator comprising an expandable assembly comprising an elongate body and a first link
having a first end coupled to the elongate body and a second end opposite the first end, and a
second link having a first end coupled to the second end of the first link and a second end
coupled to the elongate body; generating a radial expansion force over a first expansion range
from a first position to a second position by buckling the first and second links with respect to
the elongate body; generating a radial expansion force over a second expansion range from a
third position to a fourth position by moving the second end of the second link radially outward
with respect to the elongate body from a position adjacent the elongate body, wherein the linkage
is expanded more in the third position than in the first position; wherein the force applicator
comprises an expansion surface longitudinally slidable with respect to the body and wherein
generating a radial expansion force over a second expansion range comprises sliding the

expansion surface along the body to move the second end of the second link radially outward.

In accordance with another aspect of the present invention, there is provided a gripper
assembly comprising an elongate body having a length along a first axis; a linkage configured to
be radially expanded between a retracted position and an expanded position relative to the
elongate body, the linkage comprising a first link having a first end and a second end, and a
second link having a first end and a second end, and a third link having a first end and a second
end, said second end of the first link coupled to the first end of the second link at a first pivot, the
second end of the second link coupled to the first end of the third link at a second pivot; and a
retention member configured to substantially prevent movement of the second pivot in a radially
outward direction relative to the elongate body during an initial phase of expansion of the

linkage from the retracted position toward the expanded position.

In accordance with another aspect of the present invention, there is provided a gripper
assembly comprising: an elongate body having a length along a first axis; a linkage configured to

be radially expanded between a retracted position and an expanded position relative to the

-5¢-
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elongate body, the linkage comprising a first link having a first end and a second end, and a
second link having a first end and a second end, and a third link having a first end and a second
end, said second end of the first link coupled to the first end of the second link at a first pivot, the
second end of the second link coupled to the first end of the third link at a second pivot; a
retention member configured to constrain the second pivot in a radially outward direction
relative to the elongate body during an initial phase of expansion of the linkage from the
retracted position toward the expanded position; and a roller positioned at the second pivot, the

roller being configured to interact with the retention member to constrain movement of the

second pivot.

In accordance with another aspect of the present invention, there is provided a gripper
assembly comprising: an elongate body having a length along a first axis; a linkage configured to
be radially expanded between a retracted position and an expanded position relative to the
elongate body, the linkage comprising a first link having a first end and a second end, and a
second link having a first end and a second end, and a third link having a first end and a second
end, said second end of the first link coupled to the first end of the second link at a first pivot, the
second end of the second link coupled to the first end of the third link at a second pivot; a
retention member configured to constrain the second pivot in a radially outward direction
relative to the elongate body during an initial phase of expansion of the linkage from the

retracted position toward the expanded position; and a fourth link.

In accordance with another aspect of the present invention, there is provided a method for
imparting a force to a passage, comprising: positioning a force applicator in the passage, the
force applicator comprising an expandable assembly éomprising an elongate body and a linkage,
the linkage comprising a first link having first and second ends, a second link having first and
second ends, and a third link have first and second ends, the first end of the first link being
coupled to the elongate body, the second end of the first link being coupled to the first end of the
second link at a first pivot, the second end of the second link being coupled to a first end of the
third link at a second pivot; buckling the first pivot radially outwardly from the elongate body
while constraining movement of the second pivot in a radially outward direction away from the

elongate body; and moving the second pivot radially outwardly from the elongate body.

-5d-
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In accordance with a further aspect of the present invention there is provided a gripper
assembly comprising an elongate body having a length; a linkage configured to be radially
expanded, the linkage acting as a three-bar linkage over a first radial expansion range and as
a four-bar linkage over a second radial expansion range; and a power section configured to
generate a force generally aligned with a length of the gripper assembly to radially expand
the linkage wherein the linkage has an amount of greatest radial expansion over the first
expansion range and the linkage has an amount of greatest radial expansion over the second
expansion range and wherein the amount of greatest radial expansion over the second

expansion range 1s greater than the amount of greatest radial expansion over the first

expansion range.

BRIEF DESCRIPTION OF THE DRAWINGS
[0015] Figure 1 1s a side view of one embodiment of gripper assembly;

[0016] Figure 2 1s a cross-sectional side view of an actuator of the gripper assembly

of Figure 1;

[0017] Figure 3 i1s a cross-sectional side view of a linkage of the gripper assembly of

Figure 1;

[0018] Figure 4 1s a perspective view of a continuous beam of the gripper assembly of

Figure 1;

[0019] Figure 5 1s a side view of the linkage of the gripper assembly of Figure 1 in a

collapsed state;

[0020] Figure 6 1s a side view of the linkage of the gripper assembly of Figure 1 1n a

first stage of expansion;

[0021] Figure 7 1s a side view of the linkage of the gripper assembly of Figure | 1n a

second stage of expansion;

0022] Figure 8 1s a side view of the linkage of the gripper assembly of Figure 1 in a

third stage ot expansion;

-Se-
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[0023] Figure 9 is a side view of the linkage of the gripper assembly of Figure 1

in a fourth stage of expansion;

[0024] Figure 10 is a side view of the linkage of the gripper assembly of Figure 1

in a fifth stage of expansion;

[0025] Figure 11 is a cross-sectional side view of the actuator of the gripper

assembly of Figure 1 in the fifth stage of expansion;

[0026] Figure 12 is a side view of the linkage of the gripper assembly of Figure 1

in a sixth stage of expansion;

[0027] Figure 13 is a line graph illustrating the expansion force exerted versus

expansion diameter for one embodiment of gripper assembly;

0028] Figure 14 is a schematic view of an embodiment of linkage configuration

in a collapsed state;

10029] Figure 15 is a schematic view of the linkage of Figure 14 in a first stage of
expansion;

[0030] Figure 16 is a schematic view of the linkage of Figure 14 in a second stage

of expansion;

[0031] Figure 17 is a schematic view of the linkage of Figure 14 in a third stage

of expansion; and

[0032] Figure 18 is a schematic view of the linkage of Figure 14 in a fourth stage

of expansion.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

Overview VLG — Variable - Linkage Assisted Gripper
[0033] With respect to Figure 1, in certain embodiments, an expandable gripper

assembly 10 can comprise a linkage or link mechanism 12 and a flexible continuous beam
14. In some embodiments, the linkage 12 comprises three links configured to form either a
three or four-bar linkage dependent upon an expansion diameter of the gripper assembly. As
further described below, the linkage 12 can accomplish large maximum to collapsed diameter
ratios for the gripper assembly. One benefit of this new Variable - Linkage Assisted Gripper

(VLG) is that acceptable expansion forces are maintained over a wider diametrical range than
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current generation grippers. Accordingly, the VLG gripper can desirably be used in
wellbores having relatively small entry locattons, but relatively larger internal diameters.

[0034] With reference to Figures 1 and 2, as further described below, in certain
embodiments, the gripper assembly can include a power section or actuator 20 to actuate the
gripper between a collapsed state and an expanded state. In some embodiments, the power
section can comprise a hydraulically-actuated piston 22 -in- cylinder 30 actuator 20. A piston
force generated within the cylinder 30 of the VLG may advantageously start the gripper
expansion process. As discussed in greater detail below, this force, can desirably be
conveyed through a piston rod 24 to thrust an expansion surface such as defined by a ramp 90
axially underneath a link connection between adjacent links of the linkage (from left to right
in the following figures). This expansion surface can exert an expansion force on the link
connection, which in turn exerts an expansion force on an inner surface of the continuous
beam 14 to a formation or casing that the beam is in contact with. As discussed in greater
detail below, at greater expansion diameters, the links of the linkage 12 can depart the
expansion surface.

[0035] In certain embodiments, the linkage 12 and actuator 20 can also be
configured to limit the expansion force of the expandable gripper assembly 10 at relatively
large expansion radii to prevent overstressing the components of the linkage. In a three bar
hinkage, a radial expansion force exerted by the linkage (and thus, the reaction force
supported by the links and connectors) is proportional to the sine of an angle formed between
a link of the linkage and the tool body. Thus, as a three-bar linkage is expanded and the
expansion angle approaches 90 degrees, the reaction forces within the link can become
extreme, thus limiting further radial expansion of a three-bar linkage. Thus, as described
further below, in some embodiments of gripper assembly 10, the linkage 12 can be

configured to provide additional radial expansion once a maximum angular expansion has

been reached without overstressing the links and link connectors.

A. VLG Gripper Assembly
[0036] The VLG gripper assembly can be a stand alone subassembly that can be

configured to be adaptable to substantially all applicable tractor designs. In some

embodiments, a spring return, single acting hydraulic cylinder actuator 20 can provide an
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axial force to the linkage 12 to translate into radial force. This radial force may deflect
flexible continuous beams 14 outward until either a wellbore or casing is engaged or the
radial deflection ceases due to mechanical stops within the actuator 20. As with certain
previous grippers, the VLG may allow axial translation of a tractor shaft while the gripper
assembly 10 engages the hole or casing wall.

[0037] With reference to Figure 1, in some embodiments, the VLG gripper
assembly can comprise two subassemblies: a power section or actuator 20, and an expandable
gripper assembly 10. For ease of discussion, these two subassemblies are discussed
separately below. However, it is contemplated that in other embodiments of VLG gripper,
more subassemblies can be present or the actuator 20 and expandable gripper assembly 10
can be integrated such that it 1s difficult to consider each as separate subassemblies. As used
hereln, “actuator” and “expandable gripper assembly” are broad terms and include integrated
designs. Furthermore, in some embodiments an expandable gripper assembly 10 can be
provided apart from an actuator 20 such that the expandable gripper assembly 10 of the VLG
gripper described herein can be fit to existing actuators of existing tractors, for example
single or double acting hydraulic piston actuators, electric motors, or other actuators.

[0038] With respect to Figure 2, a cross-sectional view of an embodiment of
actuator 20 of the VLG is illustrated. In the illustrated embodiment, the actuator comprises a
single acting, spring return hydraulically powered cylinder. Thus, in the illustrated
embodiment, a piston 22 can be longitudinally displaced within a cylinder 30 by a
pressurized fluid acting on the piston 22. Pressurized flutd media is delivered between a
gripper connector 32 and the piston 22. The fluid media acts upon an outer diameter of the
mandrel 34 and an internal diameter of the gripper cylinder 30, creating a piston force. The
piston force acts upon the piston 22 with cnough force to axially deform a return spring 26.
The piston 22 is connected to a piston rod 24. The piston 22 can continue axial displacement
with respect to the mandrel 34 with an increase in pressure of the supplied fluid until an
interference surface 38 defining a stroke limiting feature of the piston rod 24 makes contact
with a continuous beam support 40. In the illustrated embodiments, a continuous beam 14,

partially seen, is rotatably coupled to the beam support at 40 such as by a pinned connection.
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In the illustrated embodiment, the gripper connector 32 and beam support 40 are connected to
cach other via the gripper cylinder 30.

[0039) In other embodiments, the actuator 20 can comprise other types of
actuators such as dual acting piston/cylinder assemblies or an electric motor. The actuator
20 can create a force (either from pressure in hydraulic fluid or electrically-induced rotation)
and convey it to the expandable gripper assembly 10. In the illustrated embodiment, the
expandable gripper assembly 10 comprises a linkage 12 and a flexible continuous beam 14.
In other embodiments, the expandable gripper assembly 10 can be configured differently such
that the gripper assembly 10 can have a different expansion profile.

[0040] Figure 1 illustrates an embodiment of the VLG gripper in a collapsed
configuration. When the illustrated embodiment of VLG gripper is incorporated in a tractor,
an elongate body or mandrel of the tractor is attached to the gripper connector 32 and a
mandrel cap 60. The mandrel can fix the distance between the gripper connector 32 and the
mandrel cap 60 during the expansion process and can provide a passage for the pressurized
fluid media to the actuator 20 when the piston is positioned within the cylinder (Figure 2) at
any' location along the mandrel. In the illustrated embodiment, the piston rod 24 connects the
actuator 20 to the expandable gripper assembly 10 of the VLG gripper.

[0041] In the illustrated embodiment, when the VLG gripper ts expanded, the
expandable gripper assembly 10 converts the axial piston force of the actuator 20 to radial
expansion force. The linkage 12 expands, transmitting the radial expansion force through
the continuous beam 14. The continuous beam 14 can apply the radial expansion force onto a
formation or casing of a bore hole.

[0042] Figure 3 shows a cross-sectional view of the VLG expandable gripper
assembly 10 in a retracted or collapsed state. As illustrated, the piston rod 24 i1s coupled to
the operating sleeve 52 such that axial movement of the piston rod 24 moves the operating
sleeve 52 axially. See also, for example, Figures 5-7 for the connection of the piston rod 24
to the operating sleeve 32,

10043] With continued reference to Figure 3, in the illustrated embodiment, the
linkage 12 comprises three links: a first, or push link 54, a second or toe link 56, and a third

or support link 38. The links 54, 56, 58 are rotatably connected to one another in series, such
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as by pinned connections. In the illustrated embodiments, a first end 62 of the push link 54 is
rotatably coupled to an elongate body defining the eXpandable gripper assembly 10 at a push
link support 64, such as by a pinned connection. The push link support 64 can be axially
shideable with respect to the elongate body along a distance of the body. In the illustrated
embodiments, the push link support 64 can be axially slideable between a first point 70 and a
second point 72. A second end 66 of the push link 54 can be rotatably connected to the toe
[ink 56 such as with a pin. The toe link 56 can be rotatably connected to the support fink 58.

[0044] With continued reference to Figure 3, at the rotatable connection of the
push link 54 to the toe link 56, there can be an interface mechanism such as a roller 74
configured to maintain contact with either the operating sleeve 52 and the continuous beam
14, or just the continuous beam 14, depending on expansion diameter. In other embodiments,
the interface mechanism can be spaced apart from the rotatable connection. This interface
mechanism reacts the radial expansion force generated through the mechanism and into the
continuous beam 14.

[0045] With continued reference to Figure 4, the rotatabie connection of the toe
link 56 to the support link 58 also includes an interface mechanism such as a roller 76
configured to roll in contact with the operating sleeve 52 during a portion of the expansion of

the VLG gripper assembly. However, in the illustrated embodiment, the roller/link

connection will only be in contact with the operating sleeve 52 during a portion of the
expansion process, as further described below. Another rotatable connection such as a
pinned connection can connect the support link 58 to a support block 80. In the illustrated
embodiments, the support block 80 is rigidly connected to the mandrel 34.

0046} With reference to Figure 4, one embodiment of flexible continuous beam
14 ts illustrated. In the illustrated embodiment, the flexible continuous beam is configured to
be rotatably coupled to the expandable gripper assembly at its ends and configured to be
expanded from between its ends by a radial expansion force applied by the linkage 12. It is
contemplated that in other embodiments, the continuous beam 14 can have different
configurations. The continuous beam can comprise one or a plurality of gripping elements
82. As illustrated, the continuous beam assembly has slots 84, 86 at each end thereof

contigured to be rotatably coupled to the continuous beam support 40 and mandrel cap 60. In
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some embodiments, the slots 84, 86 are elongate to allow for axial shortening of the
continuous beam due to flexing of the beam during expansion of the VLG gripper assembly.
In some embodiments, gripping elements 82, which can include inserts of textured or
roughened material, are pressed into the outside of the continuous beam 14 to provide
enhanced friction between the beam 14 and casing to effectively transfer load.

{0047] With continued reference to Figure 4, in some embodiments the beam 14
can be bifurcated at one or both of its ends. In the tllustrated embodiment, the end of the
beam with slot 84 is bifurcated and includes a gap 88 formed between two adjacent
substantially parallel slot members In the illustrated embodiment, the gap 88 extends
substantially longitudinally with respect to the beam 14. In some embodiments, one end of
the beam can include two slots and thus be trifurcated. When a rotatable connection such as
a pinned connection couples the slots 84, 86 to the expandable gripper assembly 10 (Figure
1), in some embodiments two relatively short pins can be used to couple a slot 84 at a
bifurcated end of the bcam 14 to the gripper assembly 10. A relatively short pin can have
increased resistance to bending relative to a longer pin of similar diameter, thus allowing
greater loads to be supported by a bifurcated end. When a beam 14 is used a downhole
deployment on a tractor the slot 84, 86 at one end of the beam 14 will bear loads
predominantly in tension and the slot 84, 86 at the opposite end will bear loads in
compression. It can be desirable for the slot 84, 86 bearing loads in tension to be bifurcated
such that its to withstand higher loads. A bifurcated beam end can have various advantages,
including a relatively high fatigue life. For example, in some embodiments, a bifurcated
beam end can have a fatigue life of greater than approximately 200,000 operation cycles.

[0048] While expandable gripper assemblies illustrated herein incorporate a
continuous beam 14 to transfer force from the linkage 12 to a surface such as an inner wall of
a well bore passage, it is contemplated that other structures could be used in other
embodiments of gripper assembly to transfer force from the link assembly to the surface. For
example, instead of a flexible continuous beam 14 as described herein, a multilink linkage
gripper assembly including two or more pivotally coupled links could be disposed over the
linkage assembly described herein. As with the continuous beam 14 described above, the

linkage gripper assembly would be radially expanded by a radial expansion force applied
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between a first and second end of the linkage gripper assembly from the linkage 12. While
the continuous beam 14, with its substantially featureless outer surface, is desirably less
prone to becoming stuck on well bore irregularities, a linkage gripper assembly can

potentially include link components shared with the linkage 12 and thus have relatively low

manufacturing and maintenance costs.

[0049]} In still other embodiments, it may be possible to eliminate the continuous
beam 14 from the VLG. Rather, in these beam-less embodiments, the linkage assembly
could include a gripping surface disposed thereon, such as on an outer surface of the toe link
56. The gripping surface can include a plurality of gripping elements disposed on outer
surfaces of one or more of the links. Furthermore, the links 54, 56, 58 comprising the linkage
12 could be shaped, such as for example with a curved outer surface, to provide a relatively

large surface area of contact with a surface such as a wall of a passage.

B. Operation Description VLG
10050] With reference to Figures 1-3, in the illustrated embodiments, the VLG 1s

biased into a collapsed state. When pressure i1s not present in the actuator 20, the retum
spring 26 can exert a tensile force on the link members 54, 56, 58. This tensile force can
keep the links 54, 56, 58 in a flat position substantially parallel to the elongate body of the
VLG gripper, enabling the continuous beam 14 to collapse to a minimum diameter. In some
embodiments, the continuous beam 14 can be a flexible “leaf spring” like member configured
to produce a compressive force biasing it in a collapsed state when the links are in a flat
position.

(0051} With reference to Figures 1 and 5-12, an expansion sequence of the VLG
gripper from a fully collapsed or retracted position to a fully expanded posttion is illustrated
sequentially. Figure 1 illustrates an embodiment of VLG in a collapsed state. As discussed
above, in the illustrated collapsed position, the linkage 12 is biased into a flat position

substantially parallel to the elongate body of the VLG gripper, and the continuous beamn 14 1s

collapsed.

[0052] Figure 5 illustrates a partial cut-away view of VLG gripper in the
collapsed position shown in Figure 1 and further illustrates the relative positions of certain

components of the 1llustrated embodiment of expandable gripper assembly. In the tllustrated
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embodiment, the piston rod 24 is coupled to the operating sleeve 52. In other embodiments,
the piston rod 24 can be unitarily formed with the operating sleeve 52. As illustrated, the
linkage 12 and continuous beam 14 are each in substantially collapsed states. As illustrated,
the piston rod 24 is fully retracted and the base of an expansion surface or ramp 90 on the
operating sleeve 52 is adjacent the roller 74 at the connection of the push link 54 to the toe
link 56. In the illustrated collapsed state, there is a gap 92 between the piston rod 24 and the
push link support 64 at such that the linkage 12 is in a substantially flat orientation. The
flattened links enable the continuous beam 14 to lay flat as well.

[0053) With reference to Figure 6, in some embodiments, the expansion surface
comprises an inclined ramp having a substantially constant slope. In other embodiments, the
expansion surface can comprise a curved ramp having a slope that varies along its length.

[0054] An embodiment of VLG in a first stage of expansion is iltustrated in
Figure 6. As shown in Figure 6, as the actuator 20 axially translates the piston rod 24 and
operating sleeve 52, the ramp 90 of the operating sleeve 52 1s advanced under the roller 74
positioned at the connection of the push link 54 1o the toe link 56. As illustrated, the roller
74 bears on an inner surface of the continuous beam 14, expanding it radially outward. When
the VLG gripper is expanded in a wellbore formation or casing, the continuous beam 14 can
apply the radial expansion force to the formation or casing wall.

[0035] As illustrated in Figure 6, the operating sleeve 32 {further comprises a
retention member 94 such as an elongate groove or slot formed in the operating sleeve such
as by machine operation. The retention member 94 can constrain the connection between the
toe link 56 and the support link 58 in a radially outward direction relative to the body of the
VLG during initial expansion. Thus, the support link 58 can be retained in a position that is
substantially paraliel to the body of the VLG during the illustrated initial stage of expansion.
In some embodiments, the retention member 94 can be configured to interface with the roller
76 positioned at the connection of the toe link 56 and the support link 58 to retain the support
flink 56. This retention of the support link 56 can allow the production of a normal load
downwards into the operating sleeve at the connection of the toe link 56 to the support link
58 as the roller 74 is thrust upwards along the ramp 90 of the operating sleeve 52. This

retention member 92 reduces the likelihood of an initial buckling of the support link 58.
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[0056] As this axial translation of the piston rod 24 and operating sleeve 52
combination progresses, the gap 92 between the piston rod 24 and the push link support 64 is
reduced. The expandable gripper assembly 10 can thus be configured such that during this
initial phase of the expansion sequence, the push link 54 is not loaded in compression, but is
free to move axially with respect to the body of the VLG to allow radial expansion of the
linkage 12. The toe link 56 and support link 58 can be compressively loaded and constrained
to develop downward normal forces for the roller 74 linked connection at their union. Thus,
during this initial phase of expansion, substantially all of the radial expansion forces
cgenerated by the VLG are borne by the roller 74 rolling on the ramp 90 of the operating
sleeve 52.

[0057] In the illustrated embodiments, the initial phase of expansion described
above with respect to Figure 6 can continue until the actuator 20 advances the piston rod 24
such that the roller 74 reaches an expanded end of the ramp 90. Figure 7 illustrates the
expandable gripper assembly 10 of the VLG expanded to a point where the roller 74 has
reached an expanded end of the ramp 90, and a second stage of expanston i1s set to begin.
Once the roller 74 has reached the expanded end of the ramp 90, the actuator 20 can exert
force on the push link 54 member of the mechanism. As illustrated, the piston rod 24 and
operating sleeve 52 have continued to axially translate. In the illustrated embodiment, the
linkage 12 is configured such that as the roller 74 approaches the top of the ramp 90, the gap
92 between the piston rod 24 and the push link support 64 has been reduced such that the
piston rod 24 contacts the push link support 64. Thus, in the second stage of expansion, the
actuator 20 begins to exert force via the piston rod 24 upon the push link 54. Continued
application of force by the actuator 20 further radially expands and buckles the links 54, 56
with respect to the VLG body. In the 1llustrated embodiment, this continued expansion of the
linkage 12 radially expands the continuous beam 14 such that the VLG gripper can apply a
radial expansion force to a formation or casing wall.

[0058] With reference to Figure 8, further expansion of the expandable assembly
1s illustrated. As illustrated, the piston rod 24 and operating sleeve 52 translation continues

towards the support link block 80. In this stage of expansion, the continued buckling of the
push link 54 and toe link 56 away from the VLG body has separated the roller 74 radially
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outward from the ramp 90 of the operating sleeve 52. Thus, in the illustrated expansion
stage, the expansion of a three bar linkage defined by the push link 54, toe hink 56, and the
VLG body by the advancing piston rod 24 is the predominant generator of a radia) expansion
force. In the illustrated embodiments, this three bar linkage 1s the expansion mechanism
which reacts forces through the continuous beam 14. The radial expansion force generated
during this stage of the expansion is a function of the tangents of angle,a, formed between the
push link 54 and the VLG body and the angle, v, formed between the toe link 56 and the axis
of the VLG body and the piston force through the piston rod 24. Accordingly, as these angles
Increase, approaching ninety degrees, with continued expansion of the expandable gripper
assembly, the expansion force generated increases. During high base angles of a three bar
linkage, the tangent calculations of angles nearing 90 degrees approach infinity. These
tangent calculations are multiplied by the piston rod force to get the expansion force. With a
given piston rod force, the high tangent values can produce excessively high expansion
forces.

[0059] The configuration of the linkage 12, and the geometry of the expansion
surface of the operating sleeve 52, particularly the relative lengths of the links 54, 56, 58, and
the position and height of the ramp 90 can determine the expansion ranges for which the
primary mode of expansion force transfer is through the ramp 90 to roller 74 interface and the
expansion range for which the primary expansion force is generated by the buckling of the
links 56, 58 by the piston rod 24.

[0060] In some embodiments, where the VLG can be used for wellbore
intervention in boreholes having relatively small entry points and potentially large washout
sections, it can be desirable that a collapsed diameter of the VLG gripper is approximately 3
inches and an expanded diameter is approximatcly 8 inches, thus providing a total diametric
expansion, defined as a difference between the expanded diameter and the collapsed
diameter, of approximately 5 inches. It can be desirable that in certain embodiments, the
ramp has a height at the expanded end thereof relative to the VLG body from between
approximately 0.3 inches to approximately 1 inch, and desirably from 0.4 inches to 0.6
inches, such that for a diameter of the VLG gripper from approximately 3.7 inches to up to

approximately 5.7 inches, and desirably, in some embodiments, up to approximately 4.7
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inches, the primary mode of expansion force transfer is through the roller 74 to ramp 90
interface. At expanded diameters greater than approximately 5.7 inches, or, in some
embodiments desirably approximately 4.7 inches, the primary mode of expansion force
transfer 1s by continued buckling of the linkage 12 from axial force applied to one end of the
push link 54 by the piston rod 24.

[0061] [n some embodiments, the ratio of a length of the push link 54 to a length
of the toe link 56 i1s from approximately 1.5:1 to 3:1. More desirably, the ratio is from
approximately 1.8:1 to 2.3:1. In some embodiments, the push link 54 and the toe link 56
can be substantially equal in length.

[0062] As noted above, as the angles of expansion of the push link 54 and the toe
link 56 increase, the expansion force, and thus the force of the links themselves and the link
connectors increase. In some Instances, the reaction force generated in linkage 12 can
approach an amount that can damage the links 54, 56, 58 or connectors therebetween. In a
three-bar linkage, further expansion by continued buckling of the links can damage the
linkage as reaction forces exceed the material limits. Therefore, it can be desirable that an
expandable assembly be configured such that expansion force is limited at relatively high
expansion diameters. As described further with respect to Figures 9-12, in the VLG gripper,
as the three-bar linkage formed in the expansion range described with respect to Figures 7
and 8 reaches an expansion diameter where relatively large expansion forces are generated,
further expansion can be provided without further increasing the radial expansion forces
generated by advancing an end of the toe link previously in contact with the VLG body
radially outward from the VLG body.

[0063] Figures 9-12 illustrate one embodiment of VLG gripper in a further
expansion sequence where an end of the toe link 1s advanced radially outward from the VLG
body. With reference to Figure 9, continued axial translation of the piston rod 24 advanced
the expansion surface or ramp 90 of the operating sleeve 52 to the connection between the toe
link 56 and the support link 58. As noted above, in some embodiments, a roller 76 can be
positioned at the connection between the toe Iink 56 and the support link 58. The roller/link
connection at 74 continues to follow the path dictated by the push link 54 and the toe link 56.

In the ijllustrated fourth stage of expansion, to limit expansion force while providing a
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relatively large expansion output, the gripper assembly 10 is configured such that for
relatively large expansion diameters the ramp 90 can impart a force on the link connection
between the toe link 56 and the support link 58. As the ramp 90 is thrust underneath that
roller link connection in the illustrated fourth stage, the linkage 12 forms a four-bar linkage a
four-bar linkage defined by the push link 54, the toe link 56, the support link 58, and the
VLG body. Thus, in some embodiments, the expandable gripper assembiy 1s configured such
that for one expansion range, the linkage 12 operates as a three bar linkage and for another
expansion range, the linkage operates as a four-bar linkage.

[0064] With reference to Figure 10, further expansion of the VLG gripper is
illustrated. As illustrated, the axial translation of the piston rod 24 and operating sleeve 52
continues, driving the ramp 90 of the operating sleeve underneath the roller 76 at the
connection of the toe link 56 and the support link 58. As the roller 76 progresses up the ramp
90, an effective four bar linkage is created as noted above. Continued advancement of the
piston rod 24 by the actuator 20 advances the roller 76 up the ramp 90 of the operating sleeve
52. The ramp 90 can perform two functions. First, it can slow the rate of angle increase of
the links 54, 56, 58 compared to piston stroke of the actuator 20 (limiting the tangent values
and thus expansion forces), and second, it can increase radial expansion which decreases the
force output of the mechanism by reducing the ratio of piston stroke to radial expansion.

[0065] In the illustrated embodiments of VLG gripper, the expandable gripper
assembly 10 is configured such that a single ramp 90 on the operating sleeve 52 provides
expansion at two expansion ranges. First, as described above with respect to Figures 5 and 6,
the ramp 90 initially expands the expandable assembly at a first expansion range, allowing a
relatively large expansion force to be generated at a relatively small expansion diameter of
the gripper assembly. Second, as described with respect to Figures 9-12, the ramp 90 allows
additional expansion of the linkage 12 at a relatively large expansion range. In the illustrated
embodiment, the relative lengths of the links 54, 56, 58 and the piston stroke of the actuator
20 allow a single ramp to assist in expansion of the linkage 12 in both low and high
expansion diameters. In some embodiments, multiple ramps 90 longitudinally separated on

the operating sleeve 52, such as, for example, two ramps, can be used, with one ramp
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assisting to low expansion diameter operation of the linkage and a second ramp assisting with

higher diameter expansion of the linkage.

[0066] With reference to Figure 11, an embodiment of VLG gripper having a
piston stroke limiting mechanism is illustrated. As shown, as the expandable gripper
assembly approaches an expanded configuration, the piston rod 24 nears the end of the piston
stroke. In some embodiments, an interference surface 96 on the piston rod 24 is configured
to contact point an interference surface 98 of the continuous beam support 40. In this
embodiment, when this contact is reached, no further axial translation of piston rod 24 /
operating sleeve 52 combination can occur. This stroke limiting configuration greatly
reduces the possibility of overstressing the gripper and eliminates the possibility of thrusting
the operating sieeve 52 far enough under the rolier 76 connection to pass the expanded end of
the ramp 90. In some embodiments, the actuator 20 can have a total stroke length of

approximately 8 inches.

[0067] Figure 12 illustrates a VLG gripper in an expanded configuration. As
illustrated, the roller 76 at the connection of the toe link 56 and the support link 58 has been
advanced to the expanded end of the ramp 90 of the operating sleeve 52. Accordingly, an
end of the toe link 56 has been advanced radially outward from the VLG body by the ramp
90. As discussed above with respect to Figure 11, in some embodiments, mating interference
surfaces 96, 98 in the piston rod 24 and the continuous beam support 40 can prevent further
advancement of the piston rod 24 beyond this expanded configuration. All of the parts of the
mechanism can be designed with materials and geometric features selected to withstand the
maximum stresses encountered by the expandable gripper assembly in an expansion sequence

hetween the collapsed state and this final expanded state.

[0068] Figure 13 illustrates an expansion force versus expansion diameter for an
exemplary VLG embodiment. While certain values for expansion ranges and cxpansion
forces are plotted on the graph of Figure 13 and these values can provide significant benefits

aver other designs, unless otherwise stated, these values are not limiting and it is recognized

that a VLG can be configured to operate in a wide range of expansion diameters to generate a

wide range of expansion forces.
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[0069]  As illustrated by Figure 13, in some embodiments, the gripper assembly
can be configured such that the ratio of minimum expansion force generated by the gripper
assembly during force transmission through the ramp 90 alone (such as, for example, as
discussed with respect to Figures 5 and 6 above) to the minimum expansion force generated
by the gripper assembly operating as a three bar linkage (such as, for example, as discussed
with respect to Figures 7 and 8 above) can be less than 8:1 and is desirably less than
approximately 5:1. This ratio is desirably less than approximately 4:1 and is preferably
approximately 3.5:1. In some embodiments, the gripper assembly can be configured such
that the ratio of maximum expansion force generated by the gripper assembly operating as a
three bar linkage (such as, for example, as discussed above with respect to Figures 7 and 8) to
the minimum eXxpansion force generated as a four bar linkage plus force generated by
transmission through the ramp 90 (such as, for example, as discussed above with respect to
Figures 11-14) is desirably less than approximately 3:1 and is preferably approximately 2:1.

[0070] With continued reference to Figure 13, in some embodiments, each gripper
assembly of a VLG is configured such that the maximum expansion force generated is less
than approximately 5,000 pounds and desirably less than approxmmately 4,000 pounds over
the entire range of expansion of the gripper assembly. In some embodiments, as illustrated in

Figure 12, the VLG can include three gripper assemblies substantially evenly spaced

circumferentially about the body. In other embodiments, the VLG can include more or fewer
than three gripper assemblies such as for example one, two, or four gripper assemblies. In
some embodiments, each gripper assembly is configured such that the minimum expansion
force is greater than approximately 500 pounds and desirably greater than approximately
1,000 pounds over the entire range of expansion of the gripper. In some embodiments, each
gripper assembly can be configured to expand to desirably greater than five inches diameter
and preferably approximately eight inches in diameter. The combinations of expansion
mechanisms of the VLG embodiments described herein can limit the force output, while stil]
maintaining sufficient expansion force to grip a casing over a wide range of expansion

diameters. Desirably, the limitation of force output can reduce the risk of overstressing the

components of the VLG during the full range of expansion,
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[0071] Advantageously, the VLG combines desirable attributes of a several
different expansion mechanisms to provide for a wider range of acceptable expansion
diameters. Roller/ramp interfaces provide expansion force at relatively low expansion
diameters and the three or four-bar linkages provide high expansion diameters for less piston
rod stroke than other designs. However, either mechanism alone has its limits. Roller/ramp
interfaces require relatively long piston rod stroke and can only achieve certain expansion
diameters due to collapsed diameter geometry constraints. Three and four-bar hinkages
produce insufficient expansion force at low link angles and excessive expansion forces at
high expansion diameters. When the two mechanisms are combined in a VLG, desirably,
acceptable expansion forces across a relatively large expansion range can be achieved. For
example, in some embodiments, a ratio of stroke length to expansion diameter can be
approximately 3.1/5. In various embodiments, a ratio of stroke length to expansion diameter
can be 2/5, 1/2, 3/5, 7/10, 4/5 or 1/1, or, the ratio can be in a range of between approximately
2/5 and 1/1, in a range between approximately 2/5 and 4/5, in a range between approximately

1/2 and 1/1, in a range between approximately 1/2 and 4/5, or in a range between

approximately 3/5 and 1/1.

C. VLG Gripper Assembly with Receiver Link
[0072] While the embodiments of VLG gripper assembly illustrated in Figures 1-

12 include a movable expansion surface such as a ramp, with reference to Figures 14-18, in
some embodiments, a linkage of the VLG can include a receiver link. Figures 14-138
schematically illustrate an expansion sequence of a linkage for a VLG gripper including a
receiver link.

[0073]) With respect to Figure 14, a linkage similar to that discussed in the VLG
embodiment of Figure 1 is schematically illustrated in a collapsed position. The linkage can
comprise a push link 54°, a toe link 56°, and a support link 58°. The push link 54’ is shown
having a slidable connection to a piston rod 24°, and the support link 58” has a rotatable
connection.  As illustrated, the linkage further comprises a receiver link 154 rotatably
coupled to the operating sleeve 52” at one end. An opposite end of the receiver link 154 can
be configured to couple to a connection of two links 54°, 56°, 58’ of the linkage. When 1n the

retracted position, the receiver link 154 is coupled to the connection of the push {ink 54’ and
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the toe link 56°. The receiver link 154 can have a torsion spring configured to bias the
receiver link 154 1nto a retracted position corresponding to the collapsed position of the
linkage. The operating sleeve 52’ can have a recess 156 in which the receiver link 154 is
rotatably mounted, and can have a support 158 on which the receiver link 154 rests in the
retracted position.

[0074] With reference to Figure 15, during a first expansion stage, the operating
sleeve 52’ translates as a longitudinal force is applied to the operating sleeve 52’ such as by
an actuator described above with respect to Figure 2, or another suitable actuator. As the
operating sleeve 52° translates, the receiver link begins to rotate, thus applying a radial
expansion force to the connection of the push link 54’ and the toe link 56°.

[0075] With reference to Figure 16, during a second expansion stage, the
operating sleeve 52’ continues to translate as the receiver link 154 1s fully radially extended,
and the operating sleeve 52’ contacts the slidable mount of the push link 54°. The receiver
link 154 can decouple from the connection of the push link 54’ and the toe link 56’. Further
radial expansion of the linkage can be provided during the second expansion stage by the
operating sleeve 52’ bearing against an end of the push link to slide the push link 54° relative
to the longitudinally fixed end of the support link 58°.

[0076] With respect to Figure 17, during a third expansion stage, continued
translation of the operating sleeve has positioned an end of the receiver link 154 at the
connection of the toe link 56’ with the support link 58°. Upon continued translation of the
opcrating slceve 52° during the third expansion stage, the receiver link 154 advances the
connection of the toe link 56’ and the support link 58’ radially outward. Figure 18 illustrates
a fourth expansion stage of the linkage in which the linkage has been further radially

expanded by the recetver link 154 advancing the connection of the toe link 56’ and the

support link 58’ radially outward.

[0077] Although these inventions have been disclosed in the context of a certain

preferred embodiment and examples, 1t will be understood by those skilled in the art that the

present inventions extend beyond the specifically disclosed embodiments to other alternative

embodiments and/or uses of the invention and obvious modifications and equivalents thereof.
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Additionally, it is contemplated that various aspects and features of the inventions described
can be practiced separately, combined together, or substituted for one another, and that a
variety of combination and subcombinations of the features and aspects can be made and still
fall within the scope of the invention. Thus, it 1s intended that the scope of the present
invention herein disclosed should not be limited by the particular disclosed embodiments

described above, but should be determined only by a fair reading of the claims.
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WHAT IS CLAIMED I5:

. A gripper assembly comprising;

an elongate body having a length along a first axis;

a linkage configured to be radially expanded between a retracted position and an
expanded position relative to the elongate body, the linkage comprising a first link having a
first end and a second end, and a second link having a first end and a second end, said second
end of the first link coupled to the first end of the second link, the first end ot the first link
slidable with respect to the elongate body, one of the first end of the first link and the second
end of the second link forming a base angle relative to the first axis; and

an expansion surtace slidable with respect to the elongate body;

wherein for a first expansion range from a first position to a second position, pushing
of the first end of the first link toward the second end of the second link radially expands the
linkage, and for a second expansion range a rate of change in the base angle 1s reduced as the
linkage radially expands; and

wherein for a third expansion range between the retracted position and the first

position, the expansion surface bears on the linkage to radially expand the linkage.

2. The gripper assembly of Claim 1, wherein the rate of change 1n the base angle

1s reduced through outward radial movement ot the second end of the second link.

3. The gripper assembly of Claim 1, further comprising a gripper, the gripper
defined by a tlexible continuous beam coupled to the elongate body; the continuous beam
being disposed over the linkage such that expansion of the linkage bows the continuous beam

radially outward from the elongate body.

4. The gripper assembly of Claim 1, further comprising a power section
configured to generate a force generally aligned with a length of the gripper assembly to

radhally expand the linkage.

5. The grnipper assembly of Claim [, wherein the linkage further comprises a

third link rotatably connccted in series with the first link and the second link.
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0. A gripper assembly comprising

an elongate body having a length along a first axis;

a power section configured to exert a force along the first axis, the power section
having a stroke length;

an expansion surface slidably with respect to the elongate body;

a linkage configured to be radially expanded between a retracted position and an
expanded position relative to the elongate body, the linkage comprising a first link having a
first end and a second end, and a second link coupled to the second end of the first link, the
first end of the first link slidably mounted to the elongate body and movable responsive to
application of the force by the power section;

wherein for a first expansion range from a first position to a second position,
movement of the first end of the first link relative to the second link of the linkage radially
expands the linkage, and for a second expansion range from a third position to a fourth
position, the expansion surface bears on the linkage to radially expand the linkage, wherein
the linkage 1s expanded more 1n the third position than 1n the first position; and

wherein the linkage has a diametric expansion defined by a difference between a
diameter of the gripper assembly with the linkage 1n the expanded position and the diameter
of the gripper assembly with the linkage 1n the retracted position, and wherein a ratio of the

stroke length to the diametric expansion of the linkage 1s approximately 3.1/5.

7. The gripper assembly of Claim 6, turther comprising a gripper, the gripper
defined by a flexible continuous beam coupled to the elongate body; the continuous beam
being disposed over the linkage such that expansion of the linkage bows the continuous beam

radially outward from the elongate body.

8. The gripper assembly of Claim 6, wherein for a third expansion range between

the retracted position and the first position, the expansion surface bears on the linkage to

radially expand the hinkage.

9. The gnpper assembly of Claim 6, wherein the power section comprises a first
interfering surface and a second intertering surtace, wherein interference ot the first
intertering surface with the second interfering surface defines a stroke limit of the power

section.

24



CA 02669151 2012-07-20

10. A gripper assembly comprising an elongate body having a length;

a linkage configured to be radially expanded, the linkage acting as a three-bar linkage
over a first radial expansion range and as a four-bar linkage over a second radial expansion
range; and

a power section configured to generate a force generally aligned with a length of the
gripper assembly to radially expand the linkage wherein the linkage has an amount of greatest
radial expansion over the first expansion range and the linkage has an amount of greatest
radial expansion over the second expansion range and wherein the amount of greatest radial
expansion over the second expansion range 1s greater than the amount of greatest radial

expansion over the first expansion range.

11.  The gripper assembly of claim 10, wherein the power section comprises a first
interfering surface and a second interfering surface, wherein interference of the first

interfering surface with the second interfering surface defines a stroke limit of the power

section.

12.  The gripper assembly of claim 10, wherein the power section has a stroke
length, wherein the linkage 1s expandable between a retracted position and an expanded
position, the linkage has a diametric expansion defined by a difference between a diameter of
the gripper assembly with the linkage in the expanded position and the diameter of the

eripper assembly with the linkage in the retracted position, and wherein a ratio of the stroke
length to the diametric expansion of the linkage 1s approximately 3.1/5.

13. A gnipper assembly comprising:

an elongate body having a length;

a linkage configured to be radially expanded, the linkage acting as a three-bar

linkage over a first radial expansion range and as a four-bar linkage over a second radial

expansion range, the linkage comprising a push link, a toe link, and a support link rotatably

connected 1n series;

a first roller assembly near the coupling of the push link to the toe link;

a second roller assembly near the coupling ot the toe link to the support link;

an operating sleeve configured to be advanced axially along the length ot the
assembly, the operating sleeve comprising a ramp configured to contact at least one of the

tirst roller assembly and the second roller assembly.
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14.  The gripper assembly of Claim 13, wherein the operating sleeve turther
comprises a retention member configured to substantially prevent movement ot the support
link radially away from the elongate body for a portion of an expansion cycle ot the link

mechanism.

15.  The gripper assembly of Claim 13, further comprising a gripper, the gripper
defined by a flexible continuous beam coupled to the elongate body; the continuous beam

being disposed over the linkage such that expansion of the linkage bows the continuous beam

radially outward from the elongate body.

16. A gripper assembly comprising

an elongate body having a length along a first axis;

an expansion surface slidably mounted on the elongate body;

a linkage configured to be radially expanded between a retracted position and an
expanded position relative to the elongate body, the linkage having a first end and a second
end, the first end of the linkage slidably mounted to the elongate body and movable
responsive to application of a longitudinal force;

wherein for a first expansion range from a first position to a second position,
movement of the first end of the linkage relative to the second end of the linkage radially
expands the linkage, and for a second expansion range from a third position to a fourth
position, the expansion surface bears on the linkage to radially expand the linkage, wherein

the linkage 1s expanded more 1n the third position than 1n the first position.

17. The gripper assembly of Claim 16, wherein for a third expansion range from

the retracted position to the first position, the expansion surface bears on the linkage to

radially expand the linkage.

18. The gripper assembly of Claim 16, further comprising a power section

configured to generate a force generally along the first axis to expand the linkage.

19. The gripper assembly of Claim 16, further comprising a continuous beam

connected to the elongate body, the continuous beam detining a gripping surface.

20.  The grnipper assembly of Claim 16, wherein the expansion surface comprises a

ramp.
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21. The gripper assembly of Claim 20, wherein the linkage comprises at least one

roller configured to intertace with the ramp.

22.  The gripper assembly of Claim 21, wherein the linkage comprises:
a first link, a second link, and a third link rotatably connected 1n series,
a first roller at the connection of the first link to the second link and configured to
bear on the ramp for the third expansion range; and
a second roller at the connection of the second link to the third link and configured to

bear on the ramp for the second expansion range.

23. A gripper assembly comprising:

an elongate body having a length along a first axis;

a linkage comprising a first link and a second link pivotably interconnected in series
and expandable relative to the elongate body from a retracted position to an expanded
position;

wherein the first link has a first end coupled to the elongate body and a second end
pivotally coupled to the second link;

wherein the second link has a first end pivotally coupled to the first link and a second
end that 1s radially extendable from the elongate body; and

wherein for a first expansion range of the linkage tfrom a first position to a second
position, rotation of the first and second link relative to one another radially expands the
linkage, and for a second expansion range of the linkage mechanism from a third position to a
fourth position, outward radial movement of the second end of the second link from a

position adjacent the elongate body radially expands the linkage, wherein the linkage 1s

expanded more 1n the third position than in the first position; and

a flexible continuous beam connected to the elongate body and configured to be

radially expanded with respect to the body by expansion of the linkage.

24. A gripper assembly comprising,
an elongate body having a length along a first axis;
a linkage comprising a first link and a second link pivotably interconnected 1n series

and expandable relative to the elongate body from a retracted position to an expanded

position;
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wherein the first link has a first end coupled to the elongate body and a second end
pivotally coupled to the second link;

wherein the second link has a first end pivotally coupled to the first link and a second
end that is radially extendable from the elongate body; and

wherein for a first expansion range of the linkage from a first position to a second
position, rotation of the first and second link relative to one another radially expands the
linkage, and for a second expansion range of the linkage mechanism from a third position to a
fourth position outward radial movement of the second end of the second link radially from a
position adjacent the elongate body expands the linkage, wherein the linkage 1s expanded
more 1n the third position than in the first position; and

wherein longitudinal movement of an expansion surtace with respect to the elongate

body moves the second end of the second link radially outward.

25.  The gripper assembly of Claim 24, further comprising a power section

configured to generate a force generally along the first axis.

26. The gripper assembly of Claim 24, wherein the linkage further
comprises a third link rotatably coupled to the second end of the second link, and wherein the

expansion surface bears on the coupling of the second link to the third link.

27. The gripper assembly of Claim 26, wherein the expansion surface comprises a

ramp and the coupling of the second link to the third link comprises a roller.

28. The gripper assembly of Claim 26, further comprising a roller restraint

configured to substantially prevent movement of the roller coupling the second link and the

third link radially away from the elongate body for a portion of an expansion cycle of the

linkage.

29. The gripper assembly of Claim 26, further comprising a third link restraint
configured to substantially prevent movement of the third hink radially away from the

elongate body for a portion of an expansion cycle of the linkage.

30. A method for imparting a force to a passage, comprising:
positioning a force applicator in the passage, the force applicator comprising an

expandable assembly comprising an elongate body and a first link having a first end coupled
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to the elongate body and a second end opposite the first end, and a second link having a first
end coupled to the second end of the first link and a second end coupled to the elongate body;

generating a radial expansion force over a first expansion range from a first position
to a second position by buckling the first and second links with respect to the elongate body;

generating a radial expansion force over a second expansion range from a third
position to a fourth position by moving the second end of the second link radially outward
with respect to the elongate body from a position adjacent the elongate body, wherein the
linkage 1s expanded more in the third position than in the first position;

wherein the force applicator comprises an expansion surface longitudinally slidable
with respect to the body and wherein generating a radial expansion force over a second
expansion range comprises sliding the expansion surface along the body to move the second

end of the second link radially outward.

31.  The method of Claim 30, wherein the force applicator further comprises a
flexible continuous beam coupled to the body and configured to be radially expanded relative
to the body and generating a radial expansion force over a first expansion range further
comprises radially expanding the continuous beam and generating a radial expansion force

over a second expansion range further comprises radially expanding the continuous beam.

32. A gripper assembly comprising

an elongate body having a length along a first axis;

a linkage configured to be radially expanded between a retracted position and an
expanded position relative to the elongate body, the linkage comprising a first link having a
first end and a second end, and a second link having a first end and a second end, and a third
link having a tirst end and a second end, said second end of the first link coupled to the first
end of the second link at a first pivot, the second end of the second link coupled to the first
end of the third link at a second pivot; and

a retention member configured to substantially prevent movement of the second
pivot 1n a radially outward direction relative to the elongate body during an mitial phase of
expansion of the linkage from the retracted position toward the expanded position.

33.  The gripper assembly of Claim 32, wherein the first end of the first link
slidable with respect to the elongate body.
34, The gripper assembly ot Claim 32, wherein the retention member comprises a

TO0VE.
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35. The gripper assembly of Claim 32, wherein the retention member comprises a
slot.

36.  The gripper assembly of Claim 32, wherein the retention member forms a
portion of an operating sleeve.

37.  The gripper assembly of Claim 32, wherein the retention member retains the
third link in an orientation substantially parallel to the elongate body during the initial phase
of expansion.

38.  The gripper assembly of Claim 32, further comprising a ramp coupled to the
elongate body and positioned for engagement with the first pivot during at least a portion of
the expansion of the linkage.

39.  The gripper assembly of Claim 38, wherein the ramp 1s positioned for
engagement with the second pivot during at least a portion of the expansion ot the linkage.

40.  The gripper assembly of Claim 39, further comprising a roller positioned at
the second pivot, the roller being configured to interact with the ramp to urge the second
pivot radially outwardly from the elongate body.

41.  The gripper assembly of Claim 32, wherein the third link 1s retained 1n a
position that 1s substantially parallel to the elongate body during the initial phase of
expansion.

42. A gnipper assembly comprising:

an ¢longate body having a length along a first axis;

a linkage configured to be radially expanded between a retracted position and an
expanded position relative to the elongate body, the linkage comprising a first link having a
first end and a second end, and a second link having a first end and a second end, and a third
link having a first end and a second end, said second end of the first link coupled to the first

end of the second link at a first pivot, the second end of the second link coupled to the first

end of the third link at a second pivot;

a retention member configured to constrain the second pivot in a radially outward
direction relative to the elongate body during an initial phase of expansion of the linkage
from the retracted position toward the expanded position; and

a roller positioned at the second pivot, the roller being configured to interact with the

retention member to constrain movement of the second pivot.
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43. A gripper assembly comprising:

an elongate body having a length along a first axis;

a linkage configured to be radially expanded between a retracted position and an
expanded position relative to the elongate body, the linkage comprising a first link having a
first end and a second end, and a second link having a first end and a second end, and a third
link having a first end and a second end, said second end of the first link coupled to the first
end of the second link at a first pivot, the second end of the second link coupled to the first
end of the third link at a second pivot;

a retention member configured to constrain the second pivot in a radially outward
direction relative to the elongate body during an initial phase of expansion of the linkage
from the retracted position toward the expanded position; and

a fourth hink.

44.  The gripper assembly of Claim 43, wherein the fourth link 1s configured to
vault the first pivot radially outwardly from the elongate body.

45.  The gripper assembly of Claim 44, wherein the fourth link is configured to
vault the second pivot radially outwardly from the elongate body.

46. A method for imparting a force to a passage, comprising:

positioning a force applicator in the passage, the force applicator comprising an
expandable assembly comprising an elongate body and a linkage, the linkage comprising a
first link having first and second ends, a second link having first and second ends, and a third
link have first and second ends, the first end of the first link being coupled to the elongate
body, the second end of the first link being coupled to the first end of the second link at a first

pivot, the second end of the second link being coupled to a first end of the third link at a

second pivot;

buckling the first pivot radially outwardly from the elongate body while constraining
movement of the second pivot in a radially outward direction away from the elongate body;

and
moving the second pivot radially outwardly from the elongate body.

47. The method ot Claim 46, wherein the force applicator further comprises a
tflexible continuous beam coupled to the elongate body, further comprising radially expanding
the beam relative to the elongate body under the influence of expansion of the linkage.

48. The method of Claim 46, wherein said buckling comprises operatively

engaging the first pivot with a ramp, the ramp being coupled to the elongate body.
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49.  The method of Claim 48, wherein said linkage comprises a roller and said
buckling comprises rolling the roller along the ramp.

50.  The method of Claim 46, where said buckling comprises operatively engaging
the second pivot with a ramp, the ramp being coupled to the elongate body.

51.  The method of Claim 50, wherein said linkage comprises a roller and said
buckling comprises rolling the roller along the ramp.

52.  The method of Claim 46, wherein said linkage comprises a roller and said
constraining comprises rolling the roller along a retention member coupled with the elongate
body.

53.  The method of Claim 46, wherein the force applicator further comprises a
fourth linkage having a first end coupled to the elongate body and a second end coupled to
the linkage, and said buckling comprises rotating the fourth link relative to the elongate body.

34, The method of Claim 53, further comprising disengaging the second end of
the fourth link from the first pivot and engaging the second end of the fourth link with the

second pi1vot.
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