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OSTEOSYNTHETIC IMPLANTS AND
METHODS OF USE AND MANUFACTURE

CROSS-REFERENCES TO RELATED
APPLICATIONS

The present application claims priority to U.S. Provisional
Application No. 60/563,952, filed Apr. 21, 2004, entitled
Shape Memory Alloy Osteosynthetic Implants, the complete
disclosure of which is incorporated herein by reference for all
purposes.

BACKGROUND OF THE INVENTION

The present application relates generally to bone fracture
repair, and more specifically, to osteosynthetic implants for
fracture repair and methods of their use and manufacture.

In 1959, a group of Swiss Orthopedic and General Sur-
geons formed the Arbeitsgemeinschaft fur Osteosynthese-
fragen (AO), also known as the Association for the Study of
Internal Fixation (ASIF). The AO/ASIF is now a multi-na-
tional group of doctors and scientists with the expressed
purpose of studying bone healing and continuous develop-
ment of fracture fixation techniques for patient care. In the
United States, as well as most other countries, AO/ASIF
guidance regarding skeletal fixation has become the standard
of care for traumatic fracture as well as therapeutic osteotomy
fixation techniques. It is under these AO/ASIF guidelines that
the surgeon plans and carries out procedures to achieve the
desired end result of bone healing and skeletal function.

Problems can arise when the bone fracture site is not suf-
ficiently stabilized during the healing timeframe. Depending
on the nature of the fracture, screws and plates may be used
alone, or in combination. One objective of osteosynthetic
implants is the anatomic reduction of the fracture. Another
objective would be to minimize or eliminate interfragmentary
motion. Still another objective involves increasing or maxi-
mizing blood supply to the fracture site by reducing or mini-
mizing additional vascular damage. Excessive interfragmen-
tary motion results in the formation of fibrous, unmineralized
scar tissue (resulting in a non-union or pseuo-arthrosis) ver-
sus the regeneration of bone. The unmineralized scar tissue is
not load supporting and skeletal function is lost. A sufficient
blood supply must be maintained to support skeletal metabo-
lism, bone regeneration, and remodeling of the fracture site.
The current standard of care includes osteosynthetic devices
that are made of either stainless steel or titanium.

The use of stainless steel or titanium in osteosynthetic
devices has a long history and reasonable record of success.
Over time, however, the stainless steel and titanium fixation
constructs (both screws and plates) do not maintain compres-
sion across the fracture fragments. The reduction of compres-
sion of certain standard material constructs has been observed
to be thirty-two percent (32%) over a two week period. As the
necrotic surfaces of the fracture are resorbed, a non-load
bearing gap develops between the fragments, thereby
decreasing compression and increasing the risk of interfrag-
mentary motion and scar tissue formation. Loss of compres-
sion is contrary to the objectives of fracture fixation in gen-
eral, and osteosynthetic implants in particular. Improvements
are desired to help maintain compressive load across the
fracture site over a longer period of healing.

BRIEF SUMMARY OF THE INVENTION

The present application relates generally to bone fracture
repair, and more specifically, to osteosynthetic implants for
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fracture repair and methods of their use and manufacture.
Fracture repair devices, systems and methods include those
for repairing intentional fracture sites, such as but not limited
to osteotomies, for reconstructive purposes. Bony fusions of
surgically resected joints throughout the body are included as
well within the scope of the present invention. Fracture fixa-
tion devices, systems and methods of the present invention
help maintain compressive loads across the fracture site for
longer periods of time compared to prior devices. In some
embodiments, the use of shape memory materials, including
nickel titanium, delivers improved fracture repair character-
istics. The present invention further includes methods of use
and methods of manufacture of such bone fixation devices
and systems.

In one embodiment, a bone fixation device according to the
present invention includes an elongate element having a
responsive zone. The elongate element is a plate, a nail, or a
bone screw in alternative embodiments. The elongate element
is adapted to be coupled to the bone so that the responsive
zone is positioned adjacent a fracture site in the bone. The
responsive zone is adapted to apply a desired pressure to the
bone when coupled thereto. In a preferred embodiment, the
responsive zone comprises a shape memory material, which
may be nickel titanium or Nitinol.

In some embodiments, the elongate element comprises
nitinol, while in other aspects, the responsive zone is pseu-
doelastic at a body temperature. In this manner, the elongate
element may be used to apply desired forces at the fracture
site. In some embodiments, the responsive zone is generally
centrally located in the elongate element. In one aspect, the
responsive zone has a smaller overall cross section than a
cross section of an end of the elongate element. Such a con-
figuration helps locate the stresses or pressures at a desired
location within the elongate element, and more specifically, at
the responsive zone.

In some aspects, the bone fixation device further includes a
coupler adapted to couple the elongate element to the bone.
The coupler may include one or more bone screws, which in
some embodiments comprise a shape memory material. In a
particular embodiment, the elongate element has first and
second end sections each with at least one hole adapted to
receive a coupler therethrough to couple the element to the
bone. Other embodiments may use two, three, four, or more
holes in one or both end sections to fixedly couple the device
to the fractured bone.

The present invention further provides bone fixation sys-
tems. In one embodiment, the system includes an elongate
element having a responsive zone of shape memory material,
and a coupler adapted to couple the elongate element to the
bone so that the responsive zone is positioned adjacent a
fracture site in the bone. In some embodiments, the system
includes a removable clamp, with the clamp adapted to main-
tain the elongate element responsive zone in a desired posi-
tion prior to coupling of the element to the bone, and may
further be adapted to be removed from the elongate element
after coupling of the element to the bone. In one aspect, the
responsive zone is adapted to apply a desired pressure to the
bone when the elongate element is coupled to the bone.

The present invention further provides methods of stabi-
lizing a fractured bone. In one such embodiment, the method
includes providing an elongate element, which may be a
plate, a bone nail, a bone screw, or related devices. The
elongate element has a responsive zone of a shape memory
material, with the responsive zone adapted to apply a desired
pressure to the bone when coupled thereto. The method
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includes coupling the elongate element to the bone so that the
responsive zone is positioned adjacent a fracture site in the
bone.

In one aspect, the method includes applying a force to the
elongate element to lengthen the responsive zone a desired
amount, maintaining the element in the lengthened position,
coupling the element to the bone so that the lengthened
responsive zone is positioned adjacent the fracture site, and
releasing the elongate element. In some aspects, a clamp is
used to maintain the element in the lengthened position. In
this manner, the elongate element may be released by remov-
ing the clamp. As a result, the stress formed in the responsive
zone can be applied to the bone to facilitate fracture site
stability, healing, and the like.

In a particular aspect, coupling the elongate element to the
bone includes attaching a first coupler to the element and to
the bone on a first side of the fracture site, and attaching a
second coupler to the element and to the bone on a second side
of the fracture site. In this manner, the responsive zone is
positioned adjacent the fracture site. In one aspect, the force
applied to the elongate element to lengthen the responsive
zone the desired amount corresponds to a desired compres-
sive force to be applied to the fractured bone when the ele-
ment is coupled thereto. Again, the shape memory material
may be nitinol, or other shape memory materials compatible
with the human body.

Additional embodiments and features are set forth in part
in the description that follows, and in part will become appar-
ent to those skilled in the art upon examination of the speci-
fication or may be learned by the practice of the invention.
The features and advantages of the invention may be realized
and attained by means of the instrumentalities, combinations,
and methods described in the specification.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is an overall view of a dynamic compression bone
screw according to an embodiment of the present invention;

FIGS. 1B and 1C are simplified views of steps for forming
the dynamic compression bone screw depicted in FIG. 1A,

FIGS. 2A-2C schematically depict the use of the dynamic
compression bone screw of FIG. 1A for repairing a bone
fracture;

FIG. 3A is a side view of the dynamic compression bone
screw of FIG. 1A;

FIGS. 3B and 3C are close-up views of the screw head and
threaded portion, respectively, for the bone screw depicted in
FIG. 3A;

FIG. 3D is a longitudinal cross-sectional view of the bone
screw depicted in FIG. 3A;

FIG. 3E is a top view of the bone screw depicted in FIG.
3A;

FIG. 3F is an overall view of the bone screw depicted in
FIG. 3A;

FIG. 3G is an overall view of a dynamic compression bone
screw according to an alternative embodiment of the present
invention;

FIG. 4 is an overall view of two bone fixation devices
according to an embodiment of the present invention;

FIG. 5A is an overall view of the bone fixation device
shown in FIG. 4;

FIGS. 5B-51 are additional views of the fixation device
shown in FIG. 5A, including a bottom view (FIG. 5A), a top
view (FIG. 5B), a longitudinal cross-sectional view (FIG.
5C), a close-up bottom view of an expansive zone (FIG. 5D),
an end view (FIG. 5E) and a side view (FIG. 5F);
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FIGS. 6A and 6B are overall views of a fixation device
coupled to a bone having a fracture site;

FIGS. 7A and 7B are exploded and assembled overall
views, respectively, of a bone fixation system according to an
embodiment ofthe present invention using the fixation device
shown in FIG. 4,

FIG. 8 is an overall view of a bone fixation device accord-
ing to an alternative embodiment of the present invention;

FIGS. 9A and 9B are graphical views of material properties
of bone fixation screws and devices according to an embodi-
ment of the present invention; and

FIGS. 10A and 10B are graphical depictions of character-
istics of bone screws and fixation devices according to
embodiments of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

It has been determined that when a bone is set and a com-
pressive force is applied to the fracture fixation device, the
force between the fragments ends decreases rapidly as a func-
tion of time. Ideally, the fixation device is able to maintain a
compressive force, which will allow for the continuation of
healing through reduction of the fracture gap, and stability of
the fracture gap. If this does not occur, a loss of compression
may be followed by the lack of union and stability of the
fracture site, which in turn reduces the healing. A fracture
fixation device is put in place to stabilize the fracture site,
however, if the compressive force is not present then micro-
motion between the fracture ends may occur. This, in turn,
may cause unnecessary resorption, which will lead to non-
union of the bone or the presence of large voids. These rea-
sons show the importance of a device to actively match the
changes in the body, as well as have a similar response as
bone.

Embodiments of the present invention include bone fixa-
tion devices, including plates, bone nails such as intramedul-
lary nails, bone screws, and the like, that can provide sus-
tained compression (spontaneous dynamic compression)
across a bone fracture over time. The dynamic compressive
forces are stable or generally stable as a function of bone
surface resorption at the fracture site, facilitating improved
bone healing and reducing non-union rates. Some bone fixa-
tion devices of the present invention will allow for approxi-
mately six percent (6%) relaxation before compressive force
loss. In contrast, typical stainless steel or titanium bone
screws lose their compressive forces after about one percent
(1%) resorption at the fracture surface.

FIGS. 1A-2C depict a dynamic compression bone screw
100 according to an embodiment of the present invention.
Bone screw 100 shown in FIG. 1A is further described in
conjunction with FIGS. 3A-3F. In a particular embodiment,
bone screw 100 is formed from nickel titanium, a shape
memory alloy referred to as Nitinol. As shown in FIGS. 1B
and 1C, screw 100 is formed from a Nitinol stock or block,
and may be heat treated to produce desired characteristics.
Shape memory alloys, such as Nitinol, exhibit the capacity to
recover relatively large strains (e.g., about 6%) by the appli-
cation of heat (shape memory) or by gradual unloading
(pseudo-elasticity). The present invention exploits the large
strain capacity and recovery behavior of shape memory alloys
such as Nitinol for bone repair with novel devices, systems,
and methods. In one embodiment, the fixation devices, such
as screw 100, are machined from a shape memory material
such as Nitinol that is thermally treated to exhibit pseudo-
elasticity at body temperature. The overall screw geometry,
responsive element geometry, and material heat treatment
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will be specified to sustain the necessary compressive forces
as a function of fracture site conditions.

The shape memory effect of Nitinol is the temperature-
induced transformation between the malleable martensite
(lower temperature) phase and the more rigid austenite phase
(higher temperature) that exhibits the desired pre-set shape.
Exploitation of the thermally driven phase change helps some
embodiments of the present invention deliver desired bone
fixation results. Superelastic effect of Nitinol refers to the
return to its pre-set austenite configuration upon unloading
after elastic deformation. The initiation of superelastic behav-
ior of Nitinol requires the formation of stress induced mar-
tensite (SIM) from the austenite phase, such as by the appli-
cation of an external load or stress. Reduction of the external
load or stress induces formation of the austenite phase and
hence its pre-set configuration. SIM Nitinol is able to accu-
mulate large deflection (strain) at a nearly constant load
(stress). The relatively flat region of the Nitinol load-to-de-
flection relationship can be used for some devices of the
present invention.

Some embodiments of the present invention take advan-
tage of the stress/strain (modulus) of NiTi, depicted in FIG.
9A. Such characteristics of NiTi are beneficial in the devel-
opment and use of improved total joint implants, for example.
This property of NiTi decreases overall bone to implant inter-
face stresses, resulting in a longer implant lifetime. Embodi-
ments of the present invention, particularly those using NiTi,
help the bone maintain load, which increases healing and
helps smaller implants to maintain the same or similar stabil-
ity as larger ones in similar areas of fixation by reducing
stress/strain and sheering forces.

Formation of SIM phase within a responsive zone of screw
100, or other osteosynthetic implants and devices, may be
achieved prior to surgical placement or as a result of surgical
placement. For the bone screws 100 depicted in FIG. 1A, the
responsive zone of screw will be designed to initiate SIM
formation as a result of the installation process. This occurs,
at least in part, due to the elongating forces applied to the
screw when the screw is used. Additional details on the
responsive zone are discussed in conjunction with FIGS.
3A-3F.

One technique for fracture fixation is the placement of a lag
screw across the appositional ends of a break in the bony
cortex. Inserting the screw across the fracture site helps gen-
erate the dynamic force capacity in the screw. As shown in
FIG. 2A, bone screw 100 is inserted at an angle relative to a
fracture site 210. Screw 100 is rotated to draw the two bone
fragments 220 towards one another, creating a compressive
force therebetween. The rotational torque used to turn screw
100 is translated into axial compression between bone frag-
ments 220. The result is the proper alignment of bone frag-
ments 220 as shown in FIG. 2B. Screw 100 maintains a
compressive force on bone fragments 220 for a much longer
period of time than traditional bone screws formed of steel,
titanium, or the like. As a result, a more fully healed fracture
site 210 results (FIG. 2C). During healing and bone absorp-
tion, the force generated by prior-art screws can decrease
leaving a less compressive force acting across the fracture site
210 over time. In contrast, bone screws 100 of the present
invention are a dynamic screw that can maintain higher com-
pression values over a longer course of healing. Advantages
of screw 100 includes better promotion of direct bone heal-
ing, reduction in non-union rates in high risk fracture sites,
and a reduction in bone implant site resorption. In some
embodiments, at least some of these advantages are achieved
by the use of a shape memory material, such as Nitinol, and its
inherently similar stress/strain properties to those of bone.
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FIGS. 3A-3F depict further details on bone screw 100
according to an embodiment of the present invention. It will
be appreciated by those skilled in the art that FIGS. 3A-3F
depict a particular example, and the present invention is not
limited to the dimensions and configurations shown therein.
As can best be seen in FIGS. 3A, 3D, and 3F, bone screw 100
has a shank portion 110 with a diminished thickness or radius
compared to the radius or thickness of a threaded portion 120
or of a head 130. In this manner, the reduced area of shank
portion 110 allows for a stress concentration to be localized
over shank portion 110, which allows shank portion 110 to
elongate to form a responsive element or zone. In one
embodiment, the elongation of shank portion 110 occurs dur-
ing the insertion process into the fractured bone, as depicted
in FIG. 2B. By using the responsive element or shank portion
110, bone screw 100 is able to localize the force caused by the
SIM over the fracture site. The non-responsive screw por-
tions, such as head 130, stays generally strain-free and con-
tributes little force to the bone due to SIM.

Inan alternative embodiment, a bone screw 300 depicted in
FIG. 3G has a generally uniform diameter through a shank
portion 310. In this embodiment, only shank portion 310 is
formed of a shape memory material, with threaded end por-
tion 320 comprising a stiffer region less susceptible to elon-
gation.

Turning now to FIG. 4, a bone fixation device 400 accord-
ing to an embodiment of the present invention will be
described. Bone fixation device 400 allows for a longer and
greater sustained compressive force. For example, current
bone plates applied to a fractured surface tend to lose com-
pressive force within two days to two weeks after surgery,
thus slowing the healing process. Additional problems with
prior-art plates, such as deflections and rigidness, also result
in a greater chance of refracture and slow healing. In one
embodiment of the present invention, bone fixation device
400 comprises a shape memory alloy, that may be Nitinol or
the like. Fixation device 400 is a dynamic device that can
change over time with the human body into which it is
inserted. In a preferred embodiment, device 400 comprises
Nitinol, due in part to its capacity to recover large strains over
time. In one embodiment, this is accomplished through the
creation of device 400 having a responsive zone section 410.
In some embodiments, responsive zone 410 has a smaller
overall cross-sectional area than the non-responsive zone(s)
of device 400. Responsive zone 410 is used to localize the
elongation of device 400 to that area. In one embodiment,
device 400 is elongated based on the application of a force
similar to or the same as the force required to stabilize the
fracture to which device 400 is applied. Device 400 will be
elongated based on the force required to stabilize the fracture
and apply the necessary healing force. After device 400 has
been elongated, in one embodiment it is held in an elongated
state by an external clamp or similar structure to prevent
recovery motion of device 400. After device 400 is affixed to
the fracture site, the clamp, or other retaining mechanism can
be removed. Further details on the use of device 400 are
discussed in conjunction with FIGS. 7A and 7B.

FIGS. 5A-51 depict various views of device 400 or portions
of device 400, according to particular embodiments of the
present invention. Again, the dimensions, including the
lengths, widths, thicknesses and radii of curvature, may vary
within the scope of the present invention from those shown in
the figures. More specifically, the figures include a longitudi-
nal cross-sectional view (FIG. 5C), a top view (FIG. 5B), a
bottom view (FIG. 5A), a side view (FIG. 5F), an end view
(FIG. 5E), and a close-up bottom view of expansive zone 410
(FIG. 5D), of device 400. In a preferred embodiment, device
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400 is coupled to a bone having a fracture site so that respon-
sive zone 410 is disposed adjacent the fracture site. This
arrangement can be seen in FIGS. 6A and 6B.

As shown, device 400 has one or more holes 430 disposed
on each side of responsive zone 410 so that device 400 may be
coupled to a fractured bone 600. While FIGS. 6A and 6B
depict four holes 430 on each side of the fracture site, a greater
or lesser number of holes 430 may be used within the scope of
the present invention. In some embodiments, holes 430 are
adapted to receive a screw or other fixation element to affix
device 400 to bone 600. The coupling of device 400 to bone
600 preferably positions responsive zone 410 across or adja-
cent a bone fracture site 610. This may involve attaching one
end of device 400 to one bone segment 620 and the second
end of device 400 to the opposing bone segment 620. In some
embodiments, the screw or fixation element used to couple
device 400 to bone segment 620 comprises a bone screw,
which may be made of stainless steel, titanium or the like. In
a particular embodiment, screws or fixation elements used to
coupled device 400 to bone 600 comprise a shape memory
alloy, such as Nitinol.

FIGS.7A and 7B depict a bone fixation system 700 accord-
ing to an embodiment of the present invention. System 700
includes fixation device 400 as previously described, and a
clamp 710. While FIG. 7A depicts a single example of clamp
710, other clamp types fall within the scope of the present
invention. Further, alternative devices may be used in lieu of
clamp 710, provided the alternative devices are capable of
attaching to device 400, and preferably are capable of holding
device 400 in a desired position or elongated state. In opera-
tion, an elongating force is applied to device 400 to stretch or
elongate device 400 to a prescribed length. As described
further below, the application of the prescribed force is deter-
mined at least in part by the necessary force to provide healing
effect to the bone to which device 400 will be applied. Once
device 400 is elongated to the desired length, clamp 710 is
used to maintain device 400 in the elongated position. Clamp
710 maintains the elongated position of device 400 until
device 400 is attached to the fractured bone. Once device 400
is attached to the fractured bone, clamp 710 may be removed
from device 400. In this manner, device 400 is attached to the
fractured site and, upon the release of clamp 710, device 400
provides the desired compressive force through the fractured
location. Again, in some embodiments device 400 comprises
a shape memory material, and in a particular embodiment
comprises Nitinol. Preferably, the application of the compres-
sive force is of sufficient duration to facilitate healing as well
as to avoid some or all of the other problems associated with
prior-art devices constructed of stainless steel, titanium, or
similar materials.

In the depicted embodiment, clamp 710 comprises a main
component 712, first and second device-engaging compo-
nents 714, and a wedge element 716. In one embodiment,
device-engaging components 714 are disposed so that
screws, lugs, posts or the like 718 extending from compo-
nents 714 pass at least partially through corresponding holes
430 in device 400. Main component 712 is then coupled to
device-engaging components 714 with wedge element 716
positioned therebetween. By rotating or depressing a pressure
applicator 720, which in one embodiment is a screw, a force
is applied to wedge 716. The application of a force to wedge
716 in the direction shown by arrow 722 causes an outward
force to be applied to components 714, as shown by arrows
724. As can be seen in FIG. 7A, the force depicted by arrows
724 results in an elongating force being applied to device 400
through the use of screws, lugs, or posts 718. By controlling
the physical relationship between pressure applicator 720 and
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components 714, the elongating force to device 400 may be
controlled. The coupled configuration of clamp 700 with
device 400 is generally depicted in FIG. 7B.

In another embodiment, a separate device or system is used
to apply the elongating force to device 400. This may occur,
for example, by pulling on opposing ends of device 400 to
create an elongating force similar to that represented by
arrows 724. Once device 400 has been elongated the desired
amount, clamp 710 may be coupled to device 400 in the
manner substantially as described above to hold device 400 in
the elongated position. In this embodiment, pressure applica-
tor 720 is operated so that the screws, lugs, or posts 718
engage holes 430 to hold device 400 in its desired elongated
state. Again, device 400 is then coupled to bone 600, which
preferably positions responsive zone 410 across or adjacent
bone fracture site 610. This may involve attaching one end of
device 400 to one bone segment 620 and the second end of
device 400 to the opposing bone segment 620. Once device
400 is coupled to bone 600, clamp 700 is removed.

The present invention further provides bone fixation rods,
nails and the like. In one embodiment, a bone fixation rod or
nail 800 has a first end 810 and a second end 812, with a
middle section 814 disposed therebetween. In one embodi-
ment, some or all of rod 800 comprises a shape memory alloy,
that in a preferred embodiment comprises Nitinol. For
example, in one embodiment, middle section 814 comprises
Nitinol. In this manner, middle section 814 is a responsive
zone having the characteristics as generally described herein.
In another embodiment, one or both of first end 810 and
second end 812 comprise Nitinol. In still another embodi-
ment, the entire rod 800 is Nitinol.

In one embodiment, rod 800 is a dynamic intramedullary
nail. Such a device may be used, for example, in retrograde
tibio-talo-calcaneal fusions. Nail 800 addresses fracture site
compression problems, as described generally herein in con-
junction with prior embodiments, as well as vascular preser-
vation issues. For example, rod 800 may provide dynamic
compression across a fusion site in a manner which allows for
the use of smaller rods 800, or nails. By having a smaller
diameter rod or nail 800 compared to prior art nails of tita-
nium or the like, this would aid in preserving the medullary
blood supply.

As shown in FIG. 8, rod or nail 800 is inserted into a bone
850. Rod 800 insertion occurs, in one embodiment, by ream-
ing the bone’s medullary canal, and hammering or otherwise
driving nail 800 into place. Nail 800 then may be locked
relative to the bone with one or more interference or locking
screws 820. While the embodiment shown in FIG. 8 depicts a
single screw 820 near end 810 and two screws 820 near end
812, it will be appreciated by those skilled in the art that the
number of screws 820 may vary within the scope of the
present invention. Further, the interference or locking screws
820 may comprise nails, pins or the like. The dimensions of
rod 800 and screws 820, including the lengths, widths, diam-
eters, and thicknesses, may vary within the scope of the
present invention and may determined, at least in part, by the
particular bone(s) and/or joint(s) into which the device is
being inserted or otherwise coupled.

In some embodiments, nail or rod 800 is designed to allow
for the release of the responsive element or zone portion
thereof, allowing the rod or nail 800 to shorten. This is accom-
plished, at least in part, by having the responsive zone of rod
800 comprise a shape memory alloy such as Nitinol as
described above in conjunction with screw 300. In this man-
ner, the release of the responsive element-portion of nail 800
draws locking screws 820 on opposing sides of the responsive
zone closer together. Dynamic compression on bone 850
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results. In one embodiment, the responsive zone, which may
include ends 810, 812 and/or middle section 814, is posi-
tioned at a desired location(s) within bone 850 or joint 860 to
facilitate bone healing. For example, the responsive zone may
be positioned adjacent or spanning a fracture site within bone
850, may be positioned within a joint 860, or at other loca-
tions at which increased and/or sustained dynamic pressure is
desired.

Bone fixation devices of the present invention, including
nails 800, screws 300 and plates 400, may be inserted with
one or more sets of instrumentation that also are included
within the scope of the present invention. For example, the
instrumentation for implantation may be comprised of screws
and plates, hammers or other compression devices, clamps or
other holding devices, torsion devices such as screwdrivers,
torque wrenches or the like for inserting screws, rods and
plates. In one embodiment, a torque wrench is provided hav-
ing a preloaded setting that allows the surgeon to determine
whether the screw 300 pseudo elasticity has been activated
upon insertion at the fracture site.

FIG. 9A depicts the stress-strain diagram for living tissues
and a nickel titanium alloy. Nickel titanium, and in particular
Nitinol, exhibits desirable strain recovery characteristics. The
temperature at which Nitinol recovers is known as the trans-
formation temperature (T,). The transformation temperature
may be determined using various heat treatments on the mate-
rial. The material then may demonstrate pseudo elastic (PE)
and shape memory (SM) properties, depending at least in part
on the relationship between T, and the surrounding tempera-
ture T, (e.g., atmospheric temperature, internal body tem-
perature, or the like). The PE state is observed when T, is
greater than T,. When the material is stretched from an
applied force, a permanent strain is observed. When the force
is removed, the material recovers the strain. The SM state
occurs when T, is greater than T ,. The material is deformed at
above T,, and remains deformed until a temperature is
applied which is above T,. These characteristics are useful for
fashioning fixation devices according to some embodiments
ofthe present invention. FIG. 9B depicts the inventors experi-
mental results showing the affect of total strain on the unload-
ing profile of SIM Nitinol.

The force that the physician wants to place over fracture
site 210 or 610 with screw 100, nail 800, plate 400 or other
fixation devices within the scope of the present invention can
be defined as F. The physician also can determine the antici-
pated change in length (AL) of relaxation/resorption needed
to maintain the stability in the fracture. This may involve
determining the distant or amount the bone and/or surround-
ing tissues will relax during the healing period. From this
information the cross sectional area and length of a bone
fixation device, such as screw 100, nail 800 and/or device 400
can be calculated, respectively.

Using equation (1) below, the cross sectional area can be
calculated. Using equation (2) below, the total length of the
responsive element can be calculated. In these equations, A is
the cross-sectional area, F is the physician-specified recov-
ery force, oy is the tensile recovery stress (a material prop-
erty), L is the length of the responsive zone or element, AL is
the physician-specified change in length of the responsive
zone or element, and € is the tensile strain (a material prop-
erty). The total length and cross sectional area are used for the
manufacturing of the plate or screw in order to meet the
physician’s needs. FIGS. 10A and 0B show an example of
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possible areas and length, that can be determined by the
physician.

A=Fglog @

L=AL/e %))

The responsive element or responsive zone, in a preferred
embodiment, has a smaller cross sectional area than the non-
responsive part. This reduction of the area allows for the stress
concentration to be localized over the element or zone, which
in turn elongates only the responsive element or zone. By
using the responsive element or zone, the application is able
to localize the force caused by the Stress Induced Martensite
(SIM) over the fracture, while the non-responsive element
stays generally strain free and contributes minimal forces to
the bone due to SIM.

Several devices and systems of the present invention are
developed from a Shape Memory Alloy (SMA) to actively
respond to the changes of the human body, especially in the
bone response. In some embodiments, the inventors studied
and used the SMA nickel titanium, or Nitinol. NiTiNOL is
biologically compatible with the endoskeleton structure, as
well as being strong and durable. Several embodiments of the
present invention harness the material characteristics of NiTi-
NOL.

The below discussion covers the steps to manufacture a
dynamic compression bone screw, nail, bone fixation device
or plate, and other active devices from NiTiNOL, and the
machining of NiTiNOL devices. A brief description of the
heat treating, composition and deformation techniques used
will be addressed. It will be appreciated by those skilled in the
art that the manufacturing techniques described represent just
some of the embodiments of the present invention.

Material Preprocesses

It is desirable to develop an accurate stress strain response
for various states of the NiTiNOL. Below are the steps used to
characterize a particular composition of an SMA of NiTiNOL
according to an embodiment of the present invention:

1. Bars of Hot Rolled Ti-50.9% at % Ni, and Cold Drawn

Ti-50.9% at. % Ni. were obtained from Special Metals.

2. The materials are cut into desired bone plate, nail and
screw shapes from the bars using Electro Discharge
Machining (EDM). This process allowed for the pres-
ence of mechanical work to be minimal in the samples.
The specimens were cut into dog bone samples for ten-
sion and rectangular blocks for compression. All tests
are run in monotonic strain control.

3. Various heat treatments were applied to the Hot Rolled
Material, based on the use of Ti;Ni, precipitants to move
the Martensite start (M) and finish (M) temperatures, as
well as the Austenite start (A,) and finish temperatures
(Ap). The results were determined through the transfor-
mation peaks being observed using a Differential Scan-
ning calorimeter.

4. The various stress-strain responses were examined with
regard to heat treatment. This allows for certain charac-
teristics to be harnessed in the design. The uses of vari-
ous heat treatments allow for the stress recovery and
strain recovery to be changed.

5. Using the material response in its loaded condition, a
cross sectional area is designed as briefly discussed in
conjunction with FIGS. 10A-10B.

Bone Screw/Nail

Some embodiments of bone fixation devices of the present
invention are developed to actively adapt to the resorption
across the fracture site. One such bone screw manufacturing
process according to the present invention is provided below.

PETITIONER ARTHREX
EX. 1001



US 7,985,222 B2

11

The manufacture of other fixation devices within the scope of

the present invention follow a similar or same process.

1. Using the manufacturing results 1-5 above, the actual
design of the responsive element or responsive zone can
be determined. The specific calculations of the respon-
sive element for the bone screw are discussed briefly in
conjunction with FIGS. 10A-10B, and in more detail in
Provisional Application No. 60/563,952, previously
incorporated herein by reference.

2. The bars of NiTiNOL are sent to be EDM into smaller
cylindrical sections. At this time, no heat treatment has
been applied and the material is said to be in its as-
received state.

3. The smaller cylinders are heat treated for about 600° C.
for about 30 minutes, which in turn reduces the hardness
and places the material in a state more susceptible to
machining.

4. The screw is machined, such as on a lathe, at a cutting
speed similar to stainless steel (e.g., about 300 RPMs).
Concurrently, the NiTiNOL is flooded with cutting fluid
to reduce the work hardening effects of the cutting sur-
face.

. After machining, the final part is heat treated to the
appropriate temperature based on the material charac-
terization and design phase, listed above. In a particular
embodiment, the heat treatment related to the material
composition of 50.9 is about 350° C. forabout 1.5 hours.

. The screw is autoclaved and deployed. The reactive
element is stretched using the principle of the screws
head and threads.

Bone Fixation Device or Plate

Use of a bone fixation device or a bone plate may be

necessary to add a large area of stabilization over the fracture
site. The device or plate may be used in unison with a bone
screw. The bone fixation device or plate actively adapts to the
resorption of a fracture site and compensates for the resorp-
tion located at the head and threads of the screws. Below are
the instructions used to develop a NiTiNOL bone plate
according to an embodiment of the present invention.

1. Using the manufacturing results 1-5, the actual design of
the responsive element can be determined. The specifics
of the responsive element are discussed briefly in con-
junction with FIGS. 10A-10B, and in more detail in
Provisional Application No. 60/563,952, previously
incorporated herein by reference.

2. Based on the type of fracture and amount of resorption
expected, the final compressive force required for the
plate to respond to the bone is designed using the stress/
strain diagram.

3. The bars of the NiTiNOL are sent to be EDM into the
final design of the plates. At this time, no heat treatment
has been applied and the material is said to be in its
as-received state.

It is possible to use the above “softening” heat treatment
to machine the plates on amill. The smaller rectangles
will be cut from the bar, and then heat treated at about
600° C. for about 30 minutes, which in turn reduces
the hardness and places the material in a more
“machining friendly” state.

4. The plate has its oxide layer left from the EDM mechani-
cally removed.

. Based on the results of the material characterization
stage, the as-received bone plates are heat treated to get
the desired properties. Similar to the screw, the heat
treatment related to the material composition of 50.9 is
about 350° C. for about 1.5 hours.
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6. Once the application of the plate is known, it is stretched
using an external device to a predetermined strain and
held fixed in place with a brace.

7. The entire setup is then sterilized by autoclave and
finally deployed over the fracture site.

Other NiTiNOL Devices Including a Responsive Element

Other devices can benefit from the use of NiTiNOL or other
SMA in an active responsive element. For example an inter-
locking bone marrow nail can be formed. The design of the
nail is similar to the screw, and encompasses a similar respon-
sive element. The design comes from the characterization of
the NiTiNOL as discussed herein. Still other devices that
could incorporate the responsive element include an artificial
disk replacement used in a patient’s vertebra. The responsive
element could be designed to allow different forces between
particular vertebrae. For example, a person with a large upper
torso has different stress contribution between the upper ver-
tebrae and lower vertebrae, than a person with a smaller torso.
Other uses of SMAs such as Nitinol also exist for creating
actively responsive elements.

The invention has now been described in detail. However,
it will be appreciated that the invention may be carried out in
ways other than those illustrated in the aforesaid discussion,
and that certain changes and modifications may be practiced
within the scope of the appended claims. Accordingly, the
scope of this invention is not intended to be limited by those
specific examples, but rather is to be accorded the scope
represented in the following claims.

What is claimed is:

1. A method, comprising:

inserting a bone device having a longitudinal axis into a

first bone fragment and a second bone fragment, wherein
the inserting causes a first portion of the bone device to
contact the first bone fragment and causes a second
portion of the bone device to contact the second bone
fragment, the second portion different from the first
portion;

wherein the bone device comprises a shape memory alloy

having an austenite finish temperature;

creating in a responsive portion of the bone device at least

apartial transformation into a stress-induced martensitic
phase via stretching the responsive portion along the
longitudinal axis;
after performing the stretching, fixing the second portion of
the bone device to the second bone fragment; and

wherein the creating is performed at a temperature greater
than the austenite finish temperature of the shape
memory alloy.

2. The method of claim 1, wherein stretching the bone
device is performed with the bone device substantially in an
austenitic phase.

3. The method of claim 1, further comprising:

before performing the stretching, fixing the bone device to

the first bone fragment.

4. The method of claim 3, further comprising:

holding the responsive portion above the austenite finish

temperature of the shape memory alloy while the fixing
the bone device to the first bone fragment is performed.

5. The method of claim 1, further comprising:

holding the shape memory alloy at a temperature greater

than the austenite finish temperature of the shape
memory alloy while the stretching is performed.

6. The method of claim 1, further comprising:

holding the responsive portion above the austenite finish

temperature of the shape memory alloy while the fixing
the second portion is performed.
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7. The method of claim 1, wherein inserting the bone
device into the second bone fragment is performed while the
responsive portion is substantially in an austenitic phase.

8. The method of claim 1, wherein inserting the bone
device into the first bone fragment is performed while the
responsive portion is substantially in an austenitic phase.

5
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9. The method of claim 1, wherein the first portion com-
prises the shape memory alloy.

10. The method of claim 1, wherein the second portion
comprises the shape memory alloy.
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