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A highly flexible cable (100) includes two, preferably three or more strands or nickel-titanium alloy wires (102, 104, 106) which are
twined to form a wire rope (108). The nickel-titanium alloy wire rope (108) is drawn through successive dies (110) to reduce its diameter
until the outer surface of the cable (100) is substantially smooth, the overall cross section of the cable (100) is circular, and the overall
diameter of the wire rope (108) is reduced by 20-50 %. The cable (100) is then annealed to remove the effects of cold working. The
resulting cable has been found to have an improved flexibility (i.e., a lower modulus of elasticity) relative to single strand nickel-titanium

wires (102, 104, 106) of the same diameter.
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MULTIFILAMENT NICKEL-TITANIUM ALLOY DRAWN SUPERELASTIC WIRE

This application is a continuation-in-part of U.S. Serial
No. 08/843,405 filed May 2, 1997, and a continuation-in-part of
U.S. Serial No. 08/963,686 filed Nov. 4, 1997, and a
continuation-in-part of PCT/US97/18057 filed October 7, 1997 and
claiming priority from U.S. Serial Nos. 08/730,489 filed Oct. 11,
1996 (now abandoned) and 08/856,571 filed May 15, 1997 (now
abandoned), all of which are hereby incorporated by reference

herein in their entireties.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to wires having a low modulus
of elasticity. More particularly, the present invention is
related to improvements in nickel-titanium alloy wires. The
present invention has application to many arts, including the
guidewire arts of some of the parent applications hereof, the
electrical cable arts of others of the parent applications
hereof, etc.

2. State of the Art

Wire is manufactured from ingots using a rolling mill and a
drawing bench. The preliminary treatment of the material to be
manufactured into wire is done in the rolling mill where white
- hot billets (square section ingots) are rolled to round wire rod.
.The action of atmospheric oxygen causes a coating of mill scale
to form on the hot surface of the rod and must be removed. This
descaling can be done by various mechanical methods (e.g., shot-
blasting) or by pickling, i.e., immersion of the wire rod in a
bath of dilute sulphuric or hydrochloric acid or mixtures with
hydrofluoric acid. After pickling, the wire rod may additionally
undergo a jolting treatment which dislodges the scale loosened by
the acid. The remaining acid is removed by immersion of the wire

rod in lime water.
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The actual process of forming the wire is called drawing and
is carried out on the metal in a cold state with a drawing bench.
Prior art Figure 1 shows a simple drawing bench 10. The wire 12
is pulled through a draw plate 14 which is provided with a number
of holes, e.g. 16, (dies) of various diameters. These dies have
holes which taper from the diameter of the wire 12 that enters
the die to the smaller diameter of the wire 12' that emerges from
the die. The thick wire rod 12 is coiled on a vertical spool 18
called a swift and is pulled through the die by a rotating drum
20 mounted on a vertical shaft 22 which is driven by bevel
gearing 24. The drum can be disconnected from the drive by means
of a clutch 26. To pass a wire through a die, the end of the
wire is sharpened to a point and threaded through the die. It is
seized by a gripping device and rapidly pulled through the die.
This is assisted by lubrication of the wire. Each passage
through a die reduces the diameter of the wire by a certain
amount. By successively passing the wire through dies of smaller
and smaller diameter, thinner and thinner wire is obtained. The
dies used in the modern wire industry are precision-made tools,
usually made of tungsten carbide for larger sizes or diamond for
smaller sizes. The die design and fabrication is relatively
complex and dies may be made of a variety of materials including
single crystal natural or synthetic diamond, polycrystalline
diamond or a mix of tungsten and cobalt powder mixed together and
cold pressed into the carbide nib shape.

A cross section of die 16 is shown in prior art Figure 2.
Generally, the dies used for drawing wire have an outer steel
casing 30 and an inner nib 32 which, as mentioned above, may be
made of carbide or diamond or the like. The die has a large
diameter entrance 34, known as the bell, which is shaped so that
wire entering the die will draw lubricant with it. The shape of
the bell causes the hydrostatic pressure to increase and promotes
the flow of lubricant into the die. The region 36 of the die
where the actual reduction in diameter occurs is called the
approach angle. In the design of dies, the approach angle is an
important parameter. The region 38 following the approach angle
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is called the bearing region. The bearing region does not cause
diametric reduction, but does produce a frictional drag on the
wire. The chief function of the bearing region 38 is to permit
the conical approach surface 36 to be refinished (to remove
surface damage due to die wear) without changing the die exit.
The last region 40 of the die is called the back relief. The
back relief allows the metal wire to expand slightly as the wire
leaves the die. It also minimizes the possibility of abrasion
taking place if the drawing stops or if the die is out of
alignment with the path of the wire.

Although wire drawing appears to be a simple metalworking
process, those skilled in the art will appreciate that many
different parameters affect the physical gquality of the drawn
wire. Among these parameters, draw stress and flow stress play
an important role. If these parameters are not carefully
considered, the drawn wire may have reduced tensile strength. A
discussion of the practical aspects of wire drawing can be found
in Wright, Roger N., "Mechanical Analysis and Die Design", Wire
Journal, October 1979, the complete disclosure of which is hereby

incorporated by reference herein.

The wire forming processes described above may be used to
form different kinds of wires. Generally, various
characteristics of the formed wire are of interest, depending
upon the art in which the wire is to be used. These aspects
include, but are not limited to the electrical resistance,
tensile strength, and flexibility of the wire. Wire flexibility
is particularly important in the medical arts which utilize wires
in inter alia stents and guidewires, although wire flexibility is
important in other arts as well. For that reason, the medical
arts have had much interest recently in nickel-titanium (Nitinol)

alloy wires which exhibit superelastic characteristics.
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SUMMARY OF THE INVENTION

It is therefore an object of the invention to provide
nickel-titanium alloy cables which exhibit improved flexibility

characteristics over the nickel-titanium alloy wires of the art.

In accord with this object which will be discussed in detail
below, the highly flexible cable of the present invention
includes two and preferably three or more strands of nickel-
titanium alloy wire which are twined to form a wire rope.
According to several embodiments, the wire rope has no central
core wire, while according to other embodiments, the wire rope is
provided with a central core wire. The nickel-titanium alloy
wire rope is drawn through successive dies to reduce its diameter
until the outer surface of the resulting cable is substantially
smooth, the cross section of the cable is substantially circular,
and the overall diameter of the wire rope is reduced by 20-50%.
The cable is then annealed to remove the effects of cold working,
and the resulting cable/wire, with or without a central core, has
been found to have an improved flexibility (i.e., a lower modulus
of elasticity) relative to single strand nickel-titanium wires of
the same diameter.

Additional obijects and advantages of the invention will
become apparent to those skilled in the art upon reference to the
detailed description taken in conjunction with the provided
figures.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic perspective view of a prior art wire
drawing apparatus;

Figure 2 is a schematic sectional view of a prior art
drawing die;
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Figure 3 is a schematic view of a wire rope having no
central core being drawn through a die according to the

invention;

Figure 4 is a cross sectional view taken along line 4-4 in
Figure 3;

Figure 5 is a cross sectional view taken along line 5-5 in

Figure 3;

Figure 6 is a schematic view of a wire rope having a central

core being drawn through a die according to the invention;

Figure 7 is a cross sectional view taken along line 7-7 in

Figure 6;

Figure 8 is a cross sectional view taken along line 8-8 in

Figure 6;
Figure 9 is a cross sectional view another exemplar wire
rope prior to being drawn through a die according to the

invention; and

Figure 10 is a cross sectional view of a cable formed from

the wire rope in Figure 9.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Twisted And Drawn Cables Without A Core Wire
Referring now to Figures 3 through 5, a highly flexible

nickel-titanium alloy cable 100 according to the invention is
manufactured according to the following method. Three strands of
nickel-titanium alloy (e.g., Nitinol) wire 102, 104, 106 are
twined (tiwsted) together (with no core wire) to form a nickel-
titanium alloy wire rope 108. The wire rope 108 is pulled
through a die 110 using known wire drawing methods and apparatus

whereby its diameter is decreased. Preferably, the nickel-
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titanium alloy wire rope 108 is successively drawn through dies
of decreasing diameter. During the drawing process, the wires
102, 104, 106 are plastically deformed. After the successive
drawing is completed, the cable 100 assumes a substantially
circular cross section as shown in Figure 5, but exhibits
increased flexibility relative to single strand nickel-titanium
alloy wires of the same cross section as will be discussed in
more detail below. If desired, the substantially smooth surface
of the cable 100 can be easily insulated with an extruded or co-
extruded material.

According to the presently preferred embodiment of a twisted
and drawn nickel-titanium cable without a core wire, the wire
rope 108 is successively pulled through multiple dies of
decreasing diameter. The resulting cable 100 has a diameter
which is approximately 20-50% smaller, and preferably at least
30% smaller than the diameter of the wire rope 108.

Example 1
Three strands of .010 inch diameter Nitinol wire were

helically twisted at a lay length of approximately .080 inches to
form a wire rope of approximately .021” diameter, and fed through
successive dies of .019”7, .018”", .016”, .014”, and .013”
diameters to form a Nitinol cable. After each die, it was
noticed that the Nitinol cable rebounded to a slightly larger
diameter than the diameter of the die. Thus, after the last die,
the Nitinol cable was found to have a diameter of .014” rather
than .013”. The so-formed Nitinol cable was then annealed for
approximately one minute at a temperature of approximately 500°C
to remove the effects of cold-working from the cable. Pieces of
the resulting twisted and drawn Nitinol cable were then subjected
to bend radius testing by wrapping pieces of the cables around
pins of different diameters and by clamping the cable back on
itself with a pair of pliers to simulate a zero-diameter bend.
Comparison tests were conducted on .014” diameter Nitinol wires
(single strands). The results of the bend radius testing are set

forth in Table 1, with percent recovery calculated according to
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(180° - x°)/180°, where x° is the angle of set taken by the wire

or cable from longitudinal axis of the wire before the bend:

TABLE 1
Pin Diameter (inch) % Recovery NiTi cable % Recovery NiTi Wire

.201 100 100

.169 100 98.3
.155 100 98.0
.139 100 94.4
.121 99.1 93.8
.093 98.8 92.7
.078 98.0 91.6
.039 96.1 63.8
.034 91.6 55.5
.027 95.8 53.6
0 diameter bend 38.8 6.6

From the results of the tests set forth in Table 1, it will be
appreciated that the Nitinol cable of the invention exhibited
significantly increased flexibility relative to the same diameter
Nitinol wire. For example, the Nitinol cable appears to be able
to be twisted around a pin having a diameter of as little as
approximately nine times the diameter of the cable without taking
a set (i.e., with substantially 100% recovery), while the Nitinol
wire takes a set when twisted around a pin having a diameter of
approximately twelve or thirteen times the diameter of the wire.
Furthermore, the Nitinol cable recovers over 90% when twisted
around a pin having a diameter of only approximately two times
the diameter of the cable, while the Nitinol wire will bend
approximately ninety degrees when similarly twisted. Thus, it
will be appreciated that the recoverable elastic strain of the
Nitinol cable is significantly lower than the recoverable elastic
strain of the Nitinecl wire. Furthermore, it is believed that the
Nitinol cable of the invention exhibits high elastic character-

istics prior to entering the stress-induced martensite phase.
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Example 2

Three strands of .006 inch diameter Nitinol wire were
twisted at a lay length of approximately .080 inches to form a
wire rope of approximately .013” diameter, and fed through
successive dies of .011”, .0107, .009”, .008”, and .007”
diameters to form a Nitinol cable. After each die, it was
noticed that the Nitinol cable rebounded to a slightly larger
diameter than the diameter of the die. Thus, after the last die,
the Nitinol cable was found to have a diameter of .008” rather
than .007”. The so-formed Nitinol cable was then annealed for
approximately one minute at a temperature of approximately 500°C
to remove the effects of cold-working from the cable. Pieces of
the resulting twisted and drawn Nitinol cable were then subjected
to bend radius testing by wrapping pieces of the cables around
pins of different diameters and by clamping the cable back on
itself with a pair of pliers to simulate a zero-diameter bend.
Comparison tests were conducted on .008” diameter Nitinol wires
(single strands). The results of the bend radius testing are set
forth in Table 2, with percent recovery calculated according to
(180° - x°)/180°, where x° is the angle of set taken by the wire
or cable from longitudinal axis of the wire before the bend:

TABLE 2
Pin Diameter (inch) % Recovery NiTi cable $% Recovery NiTi Wire
.247 100 99.2
.231 100 99.2
.201 99.9 99.4
.169 99.9 99.4
.139 99.7 99.6
.109 99.4 98.3
.078 99.0 98.2
.050 99.3 92.5
.040 97.5 61.7
.027 97.2 55.6
0 diameter bend 93.3 47.2
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From the results of the tests set forth in Table 2, it will be
appreciated that the Nitinol cable of the invention exhibited
significantly increased flexibility relative to the same diameter
Nitinol wire. For example, the Nitinol cable appears to be able
to recover 99% or more when twisted around a pin having a
diameter of only approximately six times the diameter of the
cable, while the Nitinol wire loses that capability with a pin
twice that diameter (i.e., twelve times the diameter of the
cable). Furthermore, the Nitinol cable, when clamped with pliers
to simulate an zero diameter bend, recovered over 93%, while the

Nitinol wire took a set of more than ninety degrees.

Example 3

Three strands of .005 inch diameter nickel-titanium alloy
(50%-50%) wire are helically twisted at a lay length of
approximately .042 inches to form a wire rope of approximately
.011” diameter, and fed through successive dies of .0100”,
.0090”, .0080”, .0075” and .0070” diameters to form a NiTi cable.
After the last die, the NiTi cable has a diameter of
approximately .0080”. The so-formed NiTi cable is then annealed
for approximately one minute at a temperature of approximately
500°C to remove the effects of cold-working from the cable, and
the resulting cable exhibits extremely favorable flexibility
characteristics. 1In addition, because there is no core wire, the
.0080” cable may be ground down as desired. For example, a
portion of the .0080” cable may be tapered and terminate in a tip
section of e.g., .0040” or .0025” or otherwise. Alternatively, a
portion of the .0080” cable may be ground without tapering to

form a tip section of desired diameter.

Example 4

Four strands of .006 inch diameter Nitinol wire are twisted
at a lay length of approximately .082 inches to form a wire rope
of approximately .015” diameter, and fed through successive dies
of .014”, .0137, .012”, .011”, .010” and .009” diameters to form
Nitinol cable. After the last die, the Nitinol cable has a

diameter of approximately .010”. The so-formed Nitinol cable is
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then annealed for approximately ninety seconds at a temperature
of approximately 500°C to remove the effects of cold-working from
the cable, and the resulting cable exhibits extremely favorable

flexibility characteristics.

Example 5

Three strands of .015 inch diameter nickel-titanium alloy
(51%-49%) wire are twisted at a lay length of approximately .110
inches to form a wire rope of approximately .032 inch diameter,
and fed through successive dies of .029”, .026”, .024”, .022",
and .020” diameters to form a NiTi cable. After the last die,
the NiTi cable has a diameter of approximately .021”. The so-
formed NiTi cable is then annealed for approximately seventy-five
seconds at a temperature of approximately 500°C to remove the
effects of cold-working from the cable, and the resulting cable

exhibits extremely favorable flexibility characteristics.

Example 6

Two strands of .010” and two strands of .005” Nitinol wire
are twisted together (with the .005” strands between the .010”
strands) at a lay length of approximately .080 inches to form a
wire rope of approximately .020” diameter, and fed through
successive dies of .018”, .016”, .0147, .012”, and .011”
diameters to form a Nitinol cable. After the last die, the
Nitinol cable has a round cross section with a diameter of
approximately .012”. The so-formed Nitinol cable is then
annealed for approximately sixty seconds at a temperature of
approximately 500°C to remove the effects of cold-working from
the cable, and the resulting cable exhibits extremely favorable
flexibility characteristics.

Example 7

Three strands of .028” Nitinol wires are twisted at a lay
length of approximately .240 inches form a wire rope of
approximately .057” diameter, and fed through successive dies of
.053”, .049”, .045", .041”, and .037” diameters to form a Nitinol
cable. After the last die, the Nitinol cable has a round cross
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section with a diameter of approximately .039”. The so-formed
Nitinol cable is then annealed for approximately ninety seconds
at a temperature of approximately 500°C to remove the effects of
cold-working from the cable, and the resulting cable exhibits
extremely favorable flexibility characteristics.

Twisted And Drawn Cables Having A Core Wire

Turning now to Figures 6 through 8, a highly flexible
nickel-titanium alloy cable 200 having a central core wire
according to the invention is manufactured according to the
following method. Five strands of nickel-titanium alloy (e.g.,
Nitinol) wire 202, 204, 206, 208, 210 are twined (twisted)
together about a core wire 212 to form a nickel-titanium alloy
wire rope 214. The wire rope 214 is pulled through a die 216
using known wire drawing methods. During the drawing process,
the wires 202, 204, 206, 208, 210, 212 are plastically deformed.
After the successive drawing process, the cable 200 assumes a
substantially circular cross section as shown in Figure 8, but
exhibits increased flexibility relative to single strand nickel-
titanium alloy wires of the same cross section as will be
discussed in more detail below. If desired, the substantially
smooth surface of the cable 200 can be easily insulated with an

extruded or co-extruded material.

According to the presently preferred embodiment of a twisted
and drawn nickel-titanium cable having a core wire, the wire rope
214 is successively pulled through multiple dies of decreasing
diameter. The resulting cable 200 has a diameter which is
approximately 20-50% smaller, and preferably at least 30% smaller
than the diameter of the wire rope 214.

Example 8

Illustrated by Figures 7 and 8 described above, five strands
of .010 inch diameter Nitinol wire are helically twisted about a
single strand of .010 inch diameter Nitinol core wire at a lay
length of approximately .080 inches to form a wire rope of

approximately .030” diameter, and fed through successive dies of
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.0287, .0257, .0227, .019”, and .017” diameters to form a Nitinol
cable. After each die, the Nitinol cable rebounds to a slightly
larger diameter than the diameter of the die. Thus, after the
last die, the Nitinol cable has a diameter of .018” rather than
.017”. The so-formed Nitinol cable is then annealed for
approximately one minute at a temperature of approximately 500°C
to remove the effects of cold-working from the cable. The
Nitinol cable of the invention exhibits significantly increased
flexibility relative to same diameter Nitinol wire. The
recoverable elastic strain of the Nitinol cable is significantly
higher than the recoverable elastic strain of the Nitinol wire.
Furthermore, it is believed that the Nitinol cable of the
invention exhibits high elastic characteristics prior to entering

the stress-induced martensite phase.

Example 9

Six strands of .006 inch diameter Nitinol wire were
helically twisted about a single strand of .006 inch diameter
Nitinol core wire at a lay length of approximately .080 inches to
form a wire rope of approximately .018” diameter, and fed through
successive dies of .017”, .015”, .014”, .013”, and .012”
diameters to form a Nitinol cable. After each die, the Nitinol
cable rebounded to a slightly larger diameter than the diameter
of the die. Thus, after the last die, the Nitinol cable had a
diameter of .013” rather than .012”. The so-formed Nitinol cable
was then annealed for approximately one minute at a temperature
of approximately 500°C to remove the effects of cold-working from
the cable, and the resulting cable exhibited extremely favorable
flexibility characteristics.

Example 10

Three strands of .010 inch diameter Nitinol wire are
helically twisted about a single strand of .010 inch diameter
Nitinol core wire at a lay length of approximately .080 inches to
form a wire rope of approximately .028” diameter, and fed through
successive dies of .0257, .0227, .019”, .016”, and .013”

diameters to form a Nitinol cable. After each die, the Nitinol
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cable rebounds to a slightly larger diameter than the diameter of
the die. Thus, after the last die, the Nitinol cable has a
diameter of .014” rather than .013”. The so-formed Nitinol cable
is then annealed for approximately one minute at a temperature of
approximately 500°C to remove the effects of cold-working from
the cable, and the resulting cable exhibits extremely favorable
flexibility characteristics.

Example 11
Four strands of .010 inch diameter nickel-titanium alloy

(50%-50%) wire are helically twisted about a single strand of
.010 inch diameter nickel-titanium alloy (50%-50%) core wire at a
lay length of approximately .080 inches to form a wire rope of
approximately .030” diameter, and fed through successive dies of
0277, .0247, .021”, .018”, and .015” diameters to form a nickel-
titanium cable. After each die, the nickel-titanium cable
rebounds to a slightly larger diameter than the diameter of the
die. Thus, after the last die, the nickel-titanium has a
diameter of .016” rather than .015”. The so-formed nickel-
titanium cable is then annealed for approximately one minute at a
temperature of approximately 500°C to remove the effects of cold-
working from the cable, and the resulting cable exhibits

extremely favorable flexibility characteristics.

Example 12
Seven strands of .010 inch diameter nickel-titanium alloy

(51%-49%) wire are helically twisted about a single strand of
.010 inch diameter nickel titanium alloy core wire at a lay
length of approximately .080 inches to form a wire rope of
approximately .030” diameter, and fed through successive dies of
.0297, .0277, .024", .021”, and .019” diameters to form a nickel-
titanium cable. After each die, the nickel-titanium cable
rebounds to a slightly larger diameter than the diameter of the
die. Thus, after the last die, the nickel-titanium cable has a
diameter of .020” rather than .019”. The so-formed nickel-
titanium cable is then annealed for approximately one minute at a

temperature of approximately 500°C to remove the effects of cold-
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working from the cable, and the resulting cable exhibits
extremely favorable flexibility characteristics.

Example 13

Three strands of .015 inch diameter Nitinol wire are
helically twisted about a single strand of .005 inch diameter
Nitinol core wire at a lay length of approximately .080 inches to
form a first wire rope of approximately .025” diameter, and fed
through successive dies of .023”, .020”, .0177, .015”, and .013”
diameters to form a Nitinol cable which rebounds to a diameter of
approximately .014”. The so-formed .014” Nitinol cable is then
annealed for approximately seventy-five seconds at a temperature
of approximately 500°C to remove the effects of cold-working from
the cable, and the resulting cable exhibits extremely favorable
flexibility characteristics.

Example 14

Eight strands of .010 inch diameter Nitinol wire are
helically twisted about a single strand of .028 inch diameter
Nitinol core wire at a lay length of approximately .080 inches to
form a first wire rope of approximately .048” diameter, and fed
through successive dies of .046”, .044”, .042”, .040”, and .038”
diameters to form a Nitinol cable which rebounds to a diameter of
approximately .040”. The so-formed .040” Nitinol cable is then
annealed for approximately seventy-five seconds at a temperature
of approximately 500°C to remove the effects of cold-working from
the cable, and the resulting cable exhibits extremely favorable

flexibility characteristics.

Example 15

Five strands of .010 inch diameter Nitinol wire are
helically twisted about a single strand of .010 inch diameter
Nitinol core wire at a lay length of approximately .080 inches to
form a first wire rope of approximately .030” diameter, and fed
through successive dies to form a Nitinol cable 200 having a
.018” diameter, as shown in Figures 7 and 8 and described above

in Example 8. The .018” Nitinol cable is then preferably
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annealed. Referring to Figure 9, eight strands 220, 222, 224,
226, 228, 230, 232, 234 of 0.010 inch diameter Nitinol wire are
helically twisted about the .018” diameter Nitinol cable 200 at a
lay length of approximately .080 inches to form a new wire rope
236 of approximately .039” diameter. Referring to Figure 10, the
new wire rope 236 is fed through successive dies of .037”, .0357,
.033”, .0315", and .030” diameters to form a Nitinol cable 238
which rebounds to a diameter of approximately .032”. The so-
formed Nitinol cable is then annealed for approximately seventy-
five seconds at a temperature of approximately 500°C to remove
the effects of cold-working from the cable, and the resulting

cable exhibits extremely favorable flexibility characteristics.

Example 16
Five strands of .010 inch diameter Nitinol wire are

helically twisted about a single strand of .008 inch diameter
Nitinol core wire at a lay length of approximately .080 inches to
form a first wire rope of approximately .028” diameter, and fed
through successive dies of .026”, .024”, .021”, .018”, and .015”
diameters to form a Nitinol cable having a .016” diameter (after
rebound). The .016” Nitinol cable is then preferably annealed.
Six strands of .007 inch diameter Nitinol wire are then helically
twisted about the .016” diameter Nitinol cable at a lay length of
approximately .080 inches to form a new wire rope of
approximately .032” diameter. The new wire rope is fed through
successive dies of .030”, .028”, .026”, .024", and .022”"
diameters to form a Nitinol cable which rebounds to a diameter of
approximately .023”. The so-formed Nitinol cable is then
annealed for approximately seventy-five seconds at a temperature
of approximately 500°C to remove the effects of cold-working from
the cable, and the resulting cable exhibits extremely favorable

flexibility characteristics.

There have been described and illustrated herein several
embodiments of a nickel-titanium alloy cable which exhibits
favorable flexibility characteristics. While particular

embodiments of the invention have been described, it 1is not
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intended that the invention be limited thereto, as it is intended
that the invention be as broad in scope as the art will allow and
that the specification be read likewise. Thus, while particular
numbers of strands with particular diameters have been disclosed,
it will be appreciated that different numbers of strands (e.g.,
five, six and more) and different diameters could be utilized.

In addition, while in several exemplar embodiments a core wire
has been disclosed as both a single nickel-titanium strand and a
cable formed from multiple strands around a core wire, it will be
appreciated that the core wire, where provided, can be any nickel
titanium cable formed by the process described herein, and that
the core wire may have the same diameter or a different diameter
from the wires twisted thereabout. Also, while the strands have
been shown with a helical twist and with particular lay lengths,
it will be recognized that other types of twining of strands
could be used and other lay lengths could be utilized with
similar results obtained. Indeed, as the lay length is
decreased, the resulting cable will be more flexible. Moreover,
while particular configurations have been disclosed in reference
to the number of dies used and the specific reduction in diameter
of the rope, it will be appreciated that other configurations
could be used as well provided the reduction in diameter is at
least 20%, and preferably at least 30%. Further, while annealing
at a certain temperature for a particular length of time was
described, it will be appreciated that other temperatures, times,
and methods could be utilized to substantially eliminate the cold
working in the cable. It will therefore be appreciated by those
skilled in the art that yet other modifications could be made to
the provided invention without deviating from its spirit and
scope as so claimed.



WO 99/48109 PCT/US99/05775

17

Claims:

1. A nickel-titanium cable, comprising:

at least two twined nickel-titanium wires drawn through at
least one die to form a flexible cable having a substantially
circular cross section.

2. A nickel-titanium cable according to claim 1, wherein:
said at least two twined nickel-titanium wires comprises at
least three nickel-titanium wires.

3. A nickel-titanium cable according to claim 2, wherein:
the cross sectional diameter of said first conductive cable
is approximately 20-50% smaller than the overall cross sectional

diameter of said at least three twined nickel-titanium wires.

4. A nickel-titanium cable according to claim 2, wherein:
said at least three twined nickel-titanium wires comprise

exactly three helically twisted nickel-titanium wires.

5. A nickel-titanium cable according to claim 1, wherein:
said at least one die comprises a plurality of dies of

increasingly smaller openings.

6. A nickel-titanium cable according to claim 2, wherein:
said at least three twined nickel-titanium wires comprise
wires of between .005 inch and .028 inch diameter.

7. A nickel-titanium cable according to claim 3, wherein:
said flexible cable having a substantially circular cross
section has a cross section of between .008 inch and .039 inch.

8. A nickel-titanium cable according to claim 1, wherein:
sald at least two twined nickel-titanium wires comprise

exactly four wires.
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9. A nickel-titanium cable according to claim 8, wherein:

each of said four wires is of the same diameter.

10. A nickel-titanium cable according to claim 8, wherein:
a first two of said four wires have a first diameter, and a
second two of said four wires have a second diameter different

than said first diameter.

11. A nickel-titanium cable according to claim 1, wherein:

said at least two nickel-titanium wires are twined about a
nickel-titanium core wire, said at least two nickel-titanium
wires and said core wire being drawn through at least one die to
form a flexible cable having a substantially circular cross

section.

12. A nickel-titanium cable according to claim 11, wherein:
said core wire has a first diameter, and at least one of
said twined wires has a second diameter different from said first

diameter.

13. A nickel-titanium cable according to claim 11, wherein:

said core wire is a flexible core cable having a
substantially circular cross section and comprised of at least
two additional nickel-titanium wires twisted about another

nickel-titanium core wire and drawn through at least one die.

14. A method of making a nickel-titanium cable, comprising:

a) twining at least two strands of nickel-titanium wire to form
a nickel-titanium wire rope; and

b) drawing the wire rope through at least one die to form a

cable having a substantially circular cross secticn.

15. A method according to claim 14, wherein:
said at least two strands comprises at least three strands.

16. A method according to claim 14, further comprising:

c) annealing the cable to remove the effects of cold-working.
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17. A method according to claim 14, wherein:
said drawing step reduces the overall cross sectional

diameter of said wire rope by approximately 20-50%.

18. A method according to claim 14, wherein:
said drawing step reduces the overall cross sectional
diameter of said wire rope by approximately 30-40%.

19. A method according to claim 14, wherein:
said drawing step includes successive drawing through a

plurality of dies of decreasing diameter.

20. A method according to claim 15, wherein:
said twining at least three strands comprises helically

twisting exactly three strands.

21. A method according to claim 15, wherein:
said at least three strands comprise strands of between .005
inch and .028 inch diameter.

22. A method according to claim 14, wherein:
said cable has a cross section of between .008 inch and .039

inch.

23. A method according to claim 14, wherein:
said twining at least two strands comprises helically

twisting exactly four strands.

24. A method according to claim 23, wherein:

each of said four strands is of the same diameter.

25. A method according to claim 23, wherein:
a first two of said four strands have a first diameter, and
a second two of said four strands have a second diameter

different than said first diameter.
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26. A method according to claim 14, wherein:
said twisting at least two strands of nickel-titanium wire
includes twisting at least two strands of nickel-titanium wire

about a nickel-titanium core wire.

27. A method accoridng to claim 26, further comprising:

c) twisting at least two strands of nickel-titanium wire about
the first cable to form a second nickel-titanium wire rope; and
d) drawing the second wire rope through at least one die to

form a second cable having a substantially circular cross

section.

28. A method according to claim 27, further comprising:
e) after forming the first cable, annealing the first cable to

remove the effects of cold-working.

29. A method according to claim 28, further comprising:
f) after forming the second cable, annealing the second cable

to remove the effects of cold-working.
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