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OoDoooooao
Specification
Title of Invention
A STEERABLE STRUCTURE OF CATHETER OR ENDOSCOPE TYPE
The present invention relates to a steerable structure
of catheter or endoscope type for internally investigating
a three-dimensional system, such as a turbomachine, for

example.

TECHNOLOGICAL BACKGROUND OF THE INVENTION

Present catheters or endoscopes are in the form of long
tubes that are rigid or elastically deformable and that have
an end that is steerable relative to a longitudinal axis of
the tube so as to enable a particular viewing angle to be
selected and so as to facilitate advancing the catheter or
endoscope. ‘

In order to curve a particular zone of the catheter or
the endoscope appropriately, it is known to place actuators
along its structure, which actuators are in the form of wires
made of shape memory material, which wires are connected to
Joule-effect heater means. Such actuators shrink in length
under the effect of an increase in temperature thereby
changing the curvature of the catheter or endoscope in the
zones where the actuators are located. Controlling the
various actuators distributed along the length of the
endoscope or catheter enables its distal end to be positioned
in three-dimensional space.

Nevertheless, that type of device presents several
drawbacks. The diameter of the distal end is generally of
the order of 5 millimetars (mm) to 8 mm so as to avoid bending
under the effect of gravity. That excessive end diameter
makes it impossible to investigate certain critical zones.
In order to obtain the angular orientation desired for the
end of the catheter or endoscope, it is necessary to modify
parameters such as the length and the diameter of the actuator
wires, and that is lengthy and complicated. Present devices
also suffer from limitations due mainly to lack of mobility
and maneuverability in places that are geometrically complex
or cramped. During contraction of an actuator, bending

locally gives the device a radius of curvature that is
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substantially constant since the stiffness of the device is
substantially constant all along its length. Under such
circumstances, it is not possible to inspect
three-dimensional cavities of complex shape having passages
of small dimensions and requiring a plurality of successive
changes of orientation.

As a result, certain zones in a machine can remain
inaccessible even though it 1s desired to perform
conventional non-destructive inspection thereof, such as
inspection performed using Foucault currents or ultrasound,
given the complexity of access and of routing, and given the
small dimensions of the passages to be followed. Finally,
those known devices are not suitable for being controlled
automatically, thereby correspondingly complicating the
investigation procedure since it needs to be performed

manually.

SUMMARY OF THE INVENTION

An object of the present invention is to provide a
structure of the above-described type that avoids the
above-mentioned drawbacks of the prior art in a manner that
is simple, effective, and inexpensive, giving access to
portions of a system that are inaccessible using known means.

To this end, the invention provides a steerable
structure of catheter or endoscope type for observing or
treating a masked object that is accessible via a passage that
is narrow and/or sinuous, the structure comprising an
elastically deformable longitudinal body having at least one
actuator of shape memory type material incorporated
longitudinally in the longitudinal body together with
Joule-effect' heater means enabling the actuator to be
contracted longitudinally so as to cause the longitudinal
body to bend, wherein the actuator extends over at least one
portion of the longitudinal body that presents varying
stiffness.

According to the invention, the varying stiffness of the

longitudinal body thus enables bending to be small in zones
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where stiffness is large and bending to be greater in zones
where stiffness is smaller, thereby making it possible to
obtain a curved profile for the structure that includes radii
of curvature that vary along the length of the structure.

By causing the stiffness of the portion of the structure
carrying the actuator to be adapted to the curvature that is
desired, it is possible to impose the angular orientation on
the distal end of the structure more simply and more
accurately than in the prior art.

According to another characteristic of the invention,
the portion of the structure that is of varying stiffness
includes at least one extra thickness of material, thereby
enabling stiffness to be increased in that zone compared with
zone not including extra thickness, and thus making it
possible, when the actuator contracts, to obtain a profile
with a varying radius of curvature.

The varying stiffness of the longitudinal body can be
designed so that contraction of the actuator gives rise to
modification and/or inversion of the longitudinal or
transverse curvature of the longitudinal body.

The longitudinal body and the extra thickness may be made
of similar materials, such as for example one or more
polymers.

In an embodiment, the longitudinal body comprises at
least one tube having a diameter of about 2 mm to 6 mm, the
actuator extending longitudinally over an inside wall or an
outside wall of the tube, over at least a fraction of its
length.

In another variant embodiment, the longitudinal body
comprises a blade of elongate cross-section, and two parallel
actuators are incorporated with the blade and extend along
a longitudinal face of the blade. The blade may present
thickness of about 1 mm to 2 mm, width of about 1 centimeter
(cm), and length of about 5 cm to 10 cm.

In systems such as turbomachines, the zones that are to
be investigated present a high degree of axial symmetry. As
a result, the passages to be followed by the structure are
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often sections of small height but large width, such that it
is possible to envisage using structures of elongate
cross-section, e.g. of rectangular cross-section. The use
of a structure of such a shape makes it possible to pass
additional tools, such as clips, optical fibers, various
connections, ... through channels that extend longitudinally
in the structure. In addition, a structure of elongate
cross-section is better at withstanding transverse stresses
applied in the direction of the large dimension of said
section.

The number of actuators may also be increased because
of the greater amount of room available in the cross-section,
thereby enabling better control to be obtained over the
curvature given to the structure.

The actuator used for bending the endoscope may be a wire
of titanium and nickel alloy presenting a diameter of about
0.1 mm te 0.5 mm,.

More generally, it 1is possible to use actuators of
materials presenting the property of contracting and
shortening in length when being heated, and in particular
materials such as those known as shape memory materials.

According to another characteristic of the invention,
the structure is of the telescopic type and comprises a
plurality of elastically deformable bodies provided with
actuators and engaged in one another.

Advantageously, the structure includes, at its distal
end, resilient means that exert a longitudinal thrust force
and that are connected to a head provided with non-destructive
inspection means.

In this configuration, the distal end of the structure
is not rigidly connected to the elastically deformable body,
but is connected thereto via thrust means that enable
continuous contact to be ensured between the surface of the
part under ingpection and the non-destructive inspection
means carried by the head of the structure.
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The thrust means may be helical springs, including some
made of contractile material and connected to Joule-effect
heater means.

The use of springs made of contractile material enables
the stiffness of the spring to be varied =0 as to better adjust
the pressure exerted on the surface of the part under
inspection.

The non-destructive inspection means may be Foucault
current probes or ultrasound probes, for example.

One transverse dimension of the structure may vary from
about 8 mm at its proximal end to about 1 mm at its distal
end. Such a structure may include means for hanging on or
bearing against surrounding stationary elements.

Advancing the structure inside a system, by successively
engaging a plurality of individual steerable structures one
in another can lead to the distal end thereof being moved by
the structure bending. The engagement or bearing means then
make it possible to take up an accurate position against
intermediate stationary elements so as to limit the effect
of gravity on the structure and improve control over the
positioning and the orientation of its end. This also makes
it possible to provide catheter or endoscope type structures
that are longer and finer.

The means for electrically supplying the actuators
inducing heating of the actuators, can. be controlled
automatically, making it possible, when investigating a
system of known geometry, to cause the structure to move
inside the system being investigated automatically, thereby
avoiding numerous difficulties inherent to continuously
controlling actuators based on contractile material.

The invention can be better understood and other details,
advantages, and characteristics of the invention appear on
reading the following description given by way of
non-limiting example with reference to the accompanying

drawings.
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DETAILED DESCRIPTION

Reference is first made to figure 1 which 1is a
diagrammatic view of a steerable structure 10 of the catheter
or endoscope type according to the prior art and comprising
a tubular flexible body 12 of longitudinal axis 14 and
including an actuator 16 of contractile material, e.g. of the
shape memory alloy (SMA) type disposed along the tubular
structure and inside it. This actuator 16 is in the form of

a wire connected to electrical power supply means (not shown) .
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The steerable structure 10 has a stationary proximal end 18
and a steerable distal end 20.

Heating the SMA by the Joule effect induces a
rearrangement of the atoms constituting the wire (when the
activation temperature is reached), leading to contraction
(with a response time of less than one second) and thus to
a reduction in its length. The wire 16 fastened to a wall
of the tube 12 induces bending of itg distal end 20 in a
direction perpendicular to the axis 14 (Figure 2). The
structure 10 as bent in this way adopts a circularly-arcuate
profile with a radius of curvature that is substantially
constant insofar as stiffness along the tube 12 is
substantially constant. If it is necessary to limit the
relative lateral movement between the two ends 18 and 20 of
the catheter, such a catheter enables the distal end 20 to
be steered angularly away from the longitudinal axis 14
through only a few degrees. A greater change in angular
orientation will lead to an increase in the lateral movement
of the distal end 20 of the catheter. Such a structure can
therefore be used only in systems having narrow passages and
regquiring only small angular modification, or else in systems
having passages that are large enough to allow a large amount
of lateral movement, thereby constituting a severe limitation
on the extent to which it is possible to investigate the
insides of systems that are very complex and cramped, as are
to be found in aeronautic, for example.

Stopping the Joule-effect heating of the wire leads to
the wire 16 cooling and to the structure 10 returning to its
initial longitudinal state by elastic effect.

In the invention, and as shown in Figure 2, the structure
21 comprises a flexible body 22 having at least one portion
of varying stiffness over which the SMA wire 16 extends. This
variation in stiffness is obtained by installing or forming
extra thicknesses of material on the outside surface of the
tube 22. In the example shown, a first extra thickness of
material 24 is disposed around the tube 22 and then a second

extra thickness 26 of shorter axial dimension than the first
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is placed around the first extra thickness 24. Thus, the
flexible body presents stiffness that decreases going from
its proximal end 18 towards its distal end 20.

During contraction of the wire 16 by Joule-effect
heating, the tube is bent about a radius of curvature that
varies (Figure 4). The tube curves little in its portion
presenting great stiffness and it curves to a greater extent
in the zone of lower stiffness. It can also be seen that its
lateral movement is smaller and thus, compared with the prior
art, less space is occupied for given angular steering of the
distal end 20.

It is thus possible to obtain changes in the steering
of the distal end of up to 90° from the longitudinal axis 14
with a small amount of lateral movement. This can be achieved
insofar as the tube 22 does not present a diameter that is
too great relative to the dimensions of the SMA wire 16.

Typically, the diameter of the wire 16 is of the order
of 0.5 mm to 0.1 mm and it 1s caused to contract
longitudinally by being heating by the Joule effect (produced
by electrical power of about 0.5 watts (W)), where said
contraction is of the order of 5% to 6% of its length. The
tube 22 has a diameter of about 2 mm to 6 mm and it is made
of polymer material, 1like existing medical catheters.
Adjusting the magnitude of the electric current conveyed in
the actuators can thus serve to adjust contraction and hence
the curvature of the body 22.

The passages taken by endoscopes or catheters for
inspecting machines are often in the form of narrow slots,
in particular in systems that present axial symmetry such as
turbomachines. There is therefore no need for the catheter
to be tubular and it may have some other shape. The invention
can thus be applied equally well to a longitudinal flexible
body 28 of elongate cross-section as shown in Figure 5, where
the body 28 is in the form of a blade of substantially
rectangular section.

In a manner similar to the above-described embodiment,

the catheter 27 comprises a flexible body 28 made up of layers
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of material disposed as extra thicknesses so as to modify the
stiffness of the blades in the longitudinal direction. The
additional layers of material are formed by strips that are
likewise of rectangular section. The structure in this
example has four layers of material or added strips, of width
identical to the width of the blade 28. A first strip 30 .is
positioned on one face of the body 28 while another strip 32
having the same length as the first is positioned on its
opposite face, at the other end of the longitudinal body 28.
Two other strips 34, 36 having the same length are disposed
respectively on each of the first two strips 30 and 32, and
are of lengths that are shorter than the strips 30 and 32.

Two SMA or contractile parallel wires 38 are
incorporated in the blade 28 and extend parallel to its
longitudinal faces in its midplane. .

By heating the wires 38 by the Joule effect, a curved
structure is obtained that is S-shaped (Figure 6), since on
going from the proximal end 18 to the distal end 20 of the
longitudinal body, stiffness decreases, and is then constant
on one face of the blade 28, and varies inversely on the other
face. This structure is particularly useful when it is needed
to offset the distal end 20, perpendicularly to the
longitudinal axis, but without changing its angular
orientation, or more generally when it is necessary not only
to change the curvature of the longitudinal body, but also
to reverse it in some particular zone.

The structure of Figure 7 presents a dish-shape. Such
a shape can be obtained by adding a strip 40 of extra thickness
to the flexible body 28 at each of its ends, these two strips
being placed on the same face, while its opposite face carries
two strips 42 aligned along the body 28 and disposed between
the end strips 40. This type of structure can be used in order
to stabilize an endoscope or a catheter by bearing against
surrounding stationary elements 44, thereby limiting the
effects of gravity on the structure as a whole and making it
possible to use catheters that are longer and finer than would

be possible if they were made up solely of self-supporting
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structures. Hanging or bearing means can also be particularly
useful during a non-destructive inspection operation as
described below that regquires the distal end 20 of the
catheter to have a position that is stable.

The hook-shaped structure of Figure 8 can be obtained
by using three layers of material 46, 48, and 50 of different
lengths that are stacked on one another on a single face of
the blade 28. Thus, the proximal end 18 of the longitudinal
body 28 bends only a little, while the majority of the bending
is concentrated at its distal end 20, thereby enabling the
distal end 20 to be moved through an angle that can be greater
than 90° while maintaining a lateral movement that is small.

As shown in Figures 9 and 10, catheters or endoscopes
may include resilient means exerting a longitudinal thrust
force on a head that is provided with non-destructive
inspection means. These resilient means may be constituted,
for example, by helical springs.

With an endoscope or catheter that is tubular (Figure 9)
a helical spring 52 is disposed around the distal end 20 of
the flexible body 22 and bears against a rim on the
longitudinal body 22, with the other end of the spring 52
bearing against the end of a cap-forming element 54 that
surrounds the spring 52.

When the flexible body 28 (Figure 10) is of elongate
cross-section, e.g. of rectangular cross-section, its distal
end 20 may include a rectangular step over which a head 56
of complementary shape is guided. The head 56 is connected
to the longitudinal body 28 by two springs 58 arranged in
parallel.

When the catheter is brought close to the surface of a
part of interest, the springs 52, 58 enable the head 54, 56
to be kept in contact with the surface for the time required
for examining the part by using the non-destructive
inspection means.

The springs 52, 58 may be made of shape memory or
contractile material when inspecting the stiffness of the

spring or the applied force is of interest. Such springs can
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also be used for accurately controlling the distance between
the end of the head and the surface.

Figure 11 shows two positions of a catheter or endoscope
of the invention, one of the positions (A) corresponding to
an initial state prior to elastic deformation, and the other
position (B) corresponding to a state after elastic
deformation. The catheter is of the type having an elongate
cross-section and it comprises two layers of material 60, 62
placed on opposite faces at the ends of the flexible body 28
and two SMA wires 38 as described in Figure 5, together with
one or more springs 58 connecting the head 56 to the flexible
body 28, the head 56 being in contact with a surface of the
part of interest 64.

During Joule-effect heating, the catheter takes up an
S-shape according to the above-described principle, thereby
enabling the distal end to be moved perpendicularly to the
longitudinal axis without changing its orientation. The
function of the spring(s) 58 is to keep the head permanently
in contact with the surface of the part 64.

By means of this device and by placing non-destructive
inspection means in the head 56, it is possible to investigate
the inside of the part 64 by scanning, with the head 56 being
caused to perform straight-line movement by repeated
actuation of the SMA wires 38.

Non-destructive inspection means such as Foucault
current probes or ultrasound probes can be particularly
useful in detecting surface cracks.

Figure 12 shows a stage of a turbomachine including an
alternation of moving blades 66 and stationary vanes 68
surrounded by an outer casing 70. The stationary vanes 68
have their radially inner ends in alignment with wipers 72
mounted on a portion of the rotor 74. These wipers 72 serve
to prevent any air flowing between a stationary wvane 68 and
the rotor 74. It is therefore important to be able to inspect
the wear state of these parts in order to avoid any decrease

in the performance of the turbomachine.
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The catheters or endoscope used for this purpose are of
the telescopic type, i.e. they are made up of a plurality of
elastically deformable bodies fitted with contractile
actuators and engaged one in another.

A catheter of the invention can be used to inspect these
wipers 72 quickly and simply. To do this, a first tubular
rigid body 76 is inserted in an endoscopic orifice 78 that
opens out between two adjacent stationary vanes 68, and an
S-shaped second flexible body 80 is inserted within the first
body. The actuator heater means enable the catheter 80 to
be shaped within the space between two stationary vanes 68.
Finally, a third flexible body 82 possessing only one
direction of curvature is inserted inside the first two
catheters 78 and 80 and is controlled so that its head can
be put into contact with a wiper 72. The rotor of the
turbomachine is then turned so as to enable non-destructive
inspection means placed in the head of the catheter 82 to
examine the surface state of the part over 360°. The head
may be connected to a spring as described above in order to
ensure continuous contact.

The total length of the catheter is quite long, for
example about 60 cm, and this can lead to errors in
positioning its distal end. The stationary vanes 68 can be
used as bearing and hanging points for the intermediate
catheter 80 with the help of elements such as c¢lips or
deployable meshes for stabilizing the telescopic catheter as
a whole.

The wvariable stiffness. configuration enables the
catheter to be moved up to zones that are difficult to access
and that require the catheter to be passed along passages of
small dimensions.

Catheters of elongate cross-section may be solid as
shown in the drawings or they may be hollow. With solid
telescopic catheters, it is possible to provide guide means
such as rails situated along the longitudinal bodies.

In the various embodiments described, it is possible to

have various numbers of SMA or contractile wires and various
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numbers of extra thickness layers in order to obtain profiles
of desired curvature.

The invention is not limited to SMA type actuators as
used in the embodiments shown in the drawings, i.e.
single-acting SMA wires, that can act in only one direction.
It is also possible to use other actuators such as SMA blades,
optionally having memory of two positions so as to enable the
steerable structure to return more quickly to its initial
state. It is also possible to envisage producing a return
to the initial more quickly by placing SMA wires along the
elastic body and in an opposing position, and then actuating
the wires in succession.

Although the invention described above is particularly
useful in the field of three-dimensional investigation of
complex industrial apparatus, it can also be used in other
fields, and in particular in the biomedical field where the
steerability of catheters is a key feature in successful
anatomical and functional investigation.

The invention also relates to a catheter or endoscope
including automatic control means connected to each of its
contractile actuators. This is particularly advantageous for
use with systems of accurately known geometry. By using the
plans of the system, it is possible to define accurately the
path that is to be followed and the shape that is given to
the structure, and to program control of its actuators
starting from the structure being inserted into an endoscopic
orifice,

Because of the simplicity with which the invention can
be implemented and because of its low cost, it is possible
to fabricate catheters that are dedicated to investigating
systems of a given type and to performing non-destructive
inspection of parts of a single type only.

It is thus possible to optimize the fabrication of a
steerable structure of the inventicm as a function of the zone
and the type of non-destructive inspection it is to perform,
thereby achieving a significant improvement in performance

for the user.
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The contractile material may for example be an alloy of
nickel and titanium. The flexible body and the layers of
material may be made of spring steel or of a polymer such as
polyethyl ether ketone, epoxy resin, polyethylene, or
polyurethane depending on the stiffness desired.

The invention is not limited to catheters of rectangular
or circular section and it applies equally well to catheters
of arbitrary cross-section, e.g. oval, square, triangular,

etc.

Brief Description of Drawings

- Figure 1 is a diagrammatic axial section view of a
prior art steerable tubular structure including an actuator
made of contractile-material.

- Figure 2 is a diagrammatic axial section view of the
structure shown in figure 1, the structure being curved by
heating the contractile material,

- Figure 3 is a diagrammatic axial section view of a
steerable tubular structure of variable stiffness according
to the invention,

- Figure 4 is a diagrammatic wview of the tubular
structure of Figure 3, the tubular structure being curved by
heating the contractile material,

- Figure 5 is a diagrammatic perspective view of a
structure of elongate cross-section and variable stiffness.

- Figure 6 is a view of the structure of figure 5, the
structure being curved by heating the contractile material.

- Figures 7 and B are diagrammatic axial section views
of structures curved respectively into an S-shape and into
a hook shape according to the invention.

- Figures 9 and 10 are diagrammatic perspective views
of structures including thrust springs at their distal ends,

- Figure 11 is a diagrammatic axial section view of a
steerable structure of varying stiffness having a distal end
that includes thrust springs.

- Figure 12 is a diagrammatic axial section view of a
portion of a turbomachine that is to be investigated with the
help of a steerable structure of the invention.
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Claims
1. A steerable structure of catheter or endoscope type for
observing or treating a masked object that is accessible via
a passage that is narrow and/or sinuous, the structure
comprising an elastically deformable longitudinal body
having at least one actuator of shape memory type material
incorporated longitudinally in the longitudinal body
together with Joule-effect heater means enabling the actuator
to be contracted longitudinally so as to cause the
longitudinal body to bend, wherein the actuator extends over
at least one portion of the longitudinal body that presents

varying stiffness.

2. A structure according to claim 1, wherein the portion of
varying stiffness comprises at least one extra thickness of

material.

3. A structure according to claim 1, wherein the varying
stiffness of the longitudinal body is designed so that
contraction of the actuator modifies and/or inverts the
longitudinal or transverse curvature of the longitudinal
body.

4. A structure according to claim 1, wherein the longitudinal

body comprises at least one tube.

5. A structure according to claim 4, wherein the actuator
extends longitudinally over an inside wall or an outside wall
of the tube.

6. A structure according to claim 4, wherein the tube has a

diameter of the order of 2 mm to 6 mm.

7. A structure according toclaim 1, wherein the longitudinal
body comprises a blade of elongate cross-section.
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8. A structure according to claim 7, wherein two parallel
actuators are incorporated in the blade and extend along a
longitudinal face of the blade.

9. A structure according to cliaim 7, wherein the blade has
a thickness of about 1 mm to 2 mm, a width of about 1 cm, and
a length of about 5 to 10 cm.

10. A structure according to claim 1, wherein the actuator

is a wire.

11. A structure according to claim 10, wherein the diameter
of the wire is about 0.1 mm to 0.5 mm.

12. A structure according to claim 2, wherein.the portion of
varying stiffness and the extra thickness of material are made

of polymer.

13. A structure according to claim 1, wherein the actuator

is made of an alloy of titanium and nickel.

14. A structure according to claim 1, wherein it is of the
telescopic type and comprises a plurality of elastically
deformable bodies provided with actuators and engaged one in

another.

15. A structure according to claim 14, including resilient
‘means at its distal end exerting a longitudinal thrust force
and connected to a head that is provided with non-destructive

inspection means.

l6. A structure according to claim 15, wherein the thrust

means are helical springs.

17. A structure according to c¢laim 16, wherein the springs
are made of shape memory type material and are connected to

Joule-effect heater means.
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18. A structure according to c¢laim 15, wherein the
non-destructive inspection means are Foucault current probes

or ultrasound probes.

12. A structure according to claim 14, wherein one of its
transverse dimensions varies from about 8 mm at its proximal
end to about 1 mm at its distal end.

20. A structure according to claim 1, wherein it comprises
means for hanging on or bearing against surrounding

stationary elements.

21. A structure according toclaim 1, wherein the heater means
are connected to automatic control means, e.g. programmed

means.

1. Abstract

A steerable structure (21, 27) of the catheter or
endoscope type, the structure comprising an elastically or
deformable longitudinal body (22, 28) including at least one
actuator (16, 38) of material of the shape memory type
incorporated longitudinally with the body (22, 28) together
with Joule-effect heater means enabling the actuator (16, 38)
to be contracted longitudinally in order to cause the
longitudinal body (22, 28) to bend, wherein the actuator (16,
38) extends over at least one portion of the body (22, 28)
that presents varying stiffness.

2. Representative Drawing
Fig. 5
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