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(57) ABSTRACT

Described 1s a new bone healing method and class of bone
fixation implants that change shape once implanted so as to
minimize non-healing and speed the bone healing process.
The bone fixation method involves shape changing implants
that continuously hold the bones 1n apposition so that a gap
does not form. Gaps in time allow non-bony tissue to
infiltrate and stop healing. Furthermore, the implants
actively compress bone to increase bone mass and strength.
Bone cell pressure due to compression and electrical current
flow due to bone deformation act to stimulate healing. The
new 1mplant designs also provide a scaflolding to conduct
bone through the mmplant and across the healing bone
interface. The methods and designs are applicable to but not
limited to use for bone screws, plates, staples, rods, cylin-
ders and external fixation devices.
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SHAPE CHANGING BONE IMPLANT AND
METHOD OF USE FOR ENHANCING
HEALING

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

RELATED PATENT APPLICATIONS

This Application a reissue application of U.S. Pat. No.
10,448,979, entitled “Shape Changing Bone Implant And
Method Of Use For Enhancing Healing, > which issued on
Oct. 22, 2019, from U.S. patent application Ser. No. 14/351,
032, filed Apr. 10, 2014, which 1s the 35 U.S.C. § 371
national application of International Patent Application No.
PCT/US2012/059603, entitled “Shape Changing Bone
Implant And Method Of Use For Enhancing Same,” filed
Oct. 10, 2012, which designated the United States and
claimed priority to U.S. Patent Appl. Ser. No. 61/545,391,
entitled “Bone Healing Devices and Methods For Making
and Using Thereof,” filed on Oct. 10, 2011. [Both of these}
These patent applications are commonly owned by the
owner of the present invention.

This Application 1s related to: (a) U.S. patent application
Ser. No. 13/192,162; (b) U.S. patent application Ser. No.
13/192,1°77; (¢) U.S. patent application Ser. No. 13/192,186;
and (d) U.S. patent application Ser. No. 13/192,198. Each of

the foregoing patent applications were filed on Jul. 27, 2011,
are entitled “Bone Staple, Instrument and Method of Use
And Manufacturing,” and are commonly owned by the
owner of the present invention.

This Application 1s also related to International Patent
Appl. No. PCT/US2012/048539, entitled “Bone Staple,
Instrument and Method of Use And Manufacturing,” filed on
Jul. 27, 2012, and 1s commonly owned by the owner of the
present mvention.

The foregoing patent applications are hereby incorporated
herein by reference in their entirety for all purposes.

TECHNICAL FIELD

This application relates to promoting bone healing with a
new class of shape changing bone implants used for fixation
of the musculoskeletal system. Bone healing 1s promoted
because the implants change shape to constantly hold the
healing interface of bone segments 1n apposition while
compressing. The implants change shape through their met-
allurgic (or polymeric) properties and mechanisms to use
mechanically stored strain energy pull together and com-
presses bone to imnduced an enhanced healing response.
These implants can also act as a scaflolding for bone thus
conducting bone formation through the implant during the
healing process.

BACKGROUND

Bone wires, screws, staples, rods, plates, and combina-
tions of these devices have been 1n clinical use for decades.
These bone fixation devices have evolved from industrial
designs for fastening wood, steel, plastic or other materials.
The use of these types of devices for bone fixation and the
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2

formation of a ngid construct of bone and 1mplant are the
basis of current skeletal fixation technology to support
healing and functional reparr.

In spite of this prior art rigid internal fixation implant
technology, bone healing and repair often does not occur. In
these circumstances, fractures may not heal and bone cuts or
diseased joints may not fuse. This delayed- or non-healing
response occurs because the bones are too far apart,
unwanted motion occurs, soit tissue fills the space between
the healing bones, or the biologic response to healing 1s poor
(which can be due to a host of factors, including age,
systemic disease, infection, diet, or smoking).

Rigid bone implants are commonly hammered, wedged,
screwed, or fixed with wire 1into bone. Surgical techniques
involve alignment of the bone segments, approximating the
edges where healing should occur, and using implants to
rigidly hold the bones 1n place.

The first phase of bone healing 1s inflammation. This
normal response recruits cells mto the wound to remove
debris including necrotic tissue. In this process the bone
edges that were surgically approximated are broken down by
tissue digesting cells causing gaps between the bone edges
to form. These gaps, caused by dificult surgical reduction
and/or inflammation mediated bone resorbtion, delay heal-
ing because more bone tissue must form to fill the gaps and
bone healing may stop 1 soit tissue infiltrates the gaps and
impedes or blocks bone fusion.

Until recently, all known implants were rigid constructs.
Nitinol bone staples described 1n patents/patent applications
of the Applicant (Fox *677 Patent, Fox 808 Application,
Fox °506 Application), as well as other related patents
(Jervis 957 Patent, Mai 443 Patent, Ma1 ’557 Patent,
Gro1so 359 Patent, Groiso 414 Patent, Groiso 367 Patent,
Bertolet >707 Patent, Allen *787 Patent, Allen 054 Patent,
Allen *331 Patent, Flot 805 Patent, Flot 461 Patent, Ogilvie
805 Patent) along with non-nitinol staples (Mohr *828
Patent), were the first bone fixation implants that changed or
were caused to change shape to fasten bone.

Some of these devices are presently on the market such as
those illustrated 1n BioMedical Enterprises’s Product Sell
Sheet. Other companies, such as MBA (France), used the
technology described and taught i Flot 589 Patent and Flot
"461 Patent, which used electrical current to heat the staple.
These two commercial technologies caused these nitinol
staples to change shape when heated but had little, and
depending on implantation technique, often no continued
shape change when healing.

Memometal, Inc.’s (now Stryker Corp. (Kalamazoo,
Mich.)) EasyClip™ staples and BioMedical Enterprises,
Inc.’s Speed™ staples are nitinol staples that spring back but
use a non-contracting straight bridge and consequently can
not pull the two bone segments any closer together than the
spacing of the original two drill holes.

Biopro’s Memory Staple Brochure and Depuy’s Memory
Staple Brochure both show a nitinol staple that changes
shape at body temperature hours following the operative
procedure. These staples are changing shape when
implanted so are inconsistently implanted. They create bone
fixation force when the wound 1s closed, sometimes creating
complications, such as fracture or malalignment.

Other devices, such as the FxDevices’ Pogo® screw
described in Tipirneni *026 Application, Tipirneni 248
Application, and Tipirnenm1 127 Application, US2007/
0162026 and FDA K080649 Clearance to Market Letter, use
internal features such as moving parts and springs to create
compression. Patents to which the Applicant 1s the inventor
(Fox ’351 Patent, Fox ’310 Patent) also include internal
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mechanisms to change the shape of the implant to conform
to the bone defect into which they are placed. These devices

provide bone compression at the edges of a hole, and, 1n the
experimental use of implants fabricated using the technol-
ogy ol Fox 351 Patent and Fox 310 Patent, they were
shown to cause the bone being compressed by the implant to
become more dense 1n structure and presumably stronger.

Though Fox 351 Patent and Fox *310 Patent 1s the first
work known to the Applicant of an implant compressing,
bone that results 1n increases 1 bone density. Historically
the research literature on the eflects of the mechanical
loading of intact bone 1s well known and referred to as
Wolil’s Law. Wolll’s law 1s a theory developed by Julius
Wolll (1836-1902) that states that bone 1n a healthy person
will adapt to the loads 1t 1s placed under. I loading on a bone
increases, that bone will remodel itself over time to become
stronger to resist that the loading. Conversely, 1 the loading
on the bone decreases, it will become weaker as there 1s no
stimulus for the continued remodeling (which 1s required to
maintain bone mass).

Wolll’s Law has resulted 1n a clinical recommendation to
exercise to delay osteoporosis or bone loss 1n the weight-
lessness of outer space. Like muscle, exercise that mechani-
cally loads bone also seems to increase the bone size and
strength. This phenomena associated with Wolll’s Law 1s
known as mechanotransduction.

Studies ol mechanotransduction are replete 1n the litera-
ture 1nvolving space tlight, bed rest, functional loading and
remodeling, and have been published by many, including,
but not limited to: Chama 1972, Chama 1972, Turner 1993,
Robling 2006, Warden 2004, and Rubin 1985. However, no
theory or understanding has been presented on the enhance-
ment of bone healing with implants that change shape to pull
together and compress the healing bone interface.

Chamay 1972 reported about compression induced
microlesions and a bone formation and hypertrophy
response 1n three different test groups. They studied three
loading conditions: (1) a dynamic fatigue test group, (2) a
static overload group, and (3) single load group, and showed
that each resulted 1n various degrees, locations, and timing
of new bone formation.

Chao 2003 stated that, though it has long been hypoth-
esized that that there 1s a link between mechanical stimula-
tion and fracture healing, the biologic pathways and regu-
lating cellular mechamisms remain unknown. Chao 2003
turther stated that when the mechanisms at the cellular levels
became understood, physiological conditions or pharmaco-
logical agents may be developed to enhance bone healing.

These studies of mechanotransduction have been focused
on the remodeling of intact bone to impede osteoporosis and
though eflects on bone fracture healing have been hypoth-
1zed no method, device, substance, or research has been
proposed to enhance fracture healing.

SUMMARY OF THE INVENTION

The embodiments of the subject invention describe an
improved bone implant that stores recoverable mechanical
energy 1n 1ts structure or mechanism and changes shape to
pull together and compress the bone fixation interface. This
1s a new class of implant that not only compresses but can
translate bone segments to hold them into constant apposi-
tion which has multiple advantages over prior bone fixation
devices that are rigid. This invention further describes a
method of mamipulating bone to promote healing and mini-
mize non-healing events by holding the bone edges in
constant contact and applying pressure to the healing inter-
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face to promote a biologic response to form bone. This
method 1s further enhanced by implants that can act as a
scallolding for bone, thus conducting bone formation
through the implant so as to fuse the bone segments.

In general, 1n one aspect, the invention features a bone
healing method that includes selecting a bone 1mplant oper-
able for pulling together a first bone segment and a second
bone segment and operable for compressing the first bone
segment and the second bone segment at a bone healing
interface. The method further includes positioning the bone
implant 1 a position to pull the first bone segment and the
second bone segment together and to compress the first bone
segment and the second bone segment at the bone healing
interface. During the step of positioning in the method, the
bone implant applies no mechanical force to pull the first
bone segment and the second bone segment together. During
the step of positioning in the method, the bone implant
applies no mechanical force to compress the first bone
segment and the second bone segment at the bone healing
interface. The method further comprises that, after position-
ing of the bone implant, mechanically activating the bone
implant. The mechamcally activated bone implant pulls
together the first segment and the second bone segment. The
mechanically activated bone implant compresses the first
bone segment and the second bone segment at the bone
healing interface. The mechanically activated bone implant
maintains the first bone segment and the second bone
segment at the bone healing interface while the first bone
segment and the second bone segment heal.

Implementations of the invention can include one or more
of the following features:

The bone implant can be a cage, wire, staple, plate, screw,
rod, tubular structure, external fixation device, or a combi-
nation thereof.

The bone implant can have a first shape. The {first shape
can be an expanded shape. The bone implant can be 1n the
first shape during the step of positioning.

The bone 1mplant can have a second shape. The second
shape can be a contracted shape. The bone implant can move
from the first shape toward the second shape during or after
the step of mechanically activating the bone implant.

The bone 1implant can have a first shape change in first
direction and a second shape change i1n another direction.
The first shape change and the second shape change can be
different. The first shape change can be a shape expansion or
contraction. The second shape change can be a shape
expansion or contraction.

The bone implant can change to a different shape during
or aiter the step of mechanically activating the bone implant.

The transition of the bone implant to the different shape
can be operable for pulling together the first bone segment
and the second bone segment. The transition of the bone
implant to the different shape can be operable for compress-
ing the first bone segment and the second bone segment at
the bone healing interface.

-

T'he bone implant can include nitinol.
The bone implant can include an activator. Belore the
activator 1s removed from the bone implant, the activator can
retain the bone implant in a first shape 1n which at least some
of the nitinol 1n the bone 1mplant 1s 1n the form of stress
induced or retained martensite. The activator can be
removed from the bone implant during the step of mechani-
cally activated bone implant. After the activator 1s removed
from the bone implant, the bone implant can change shape,
during which at least some of the nitinol 1n the bone implant

can change in form to austenite.
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The bone healing implant can include a shape memory
metal, an elastic biocompatible metal, an elastic biocompat-
ible polymer, or a combination thereof.

The bone healing implant can include stainless steel,
titanium, or a combination thereof.

The bone healing implant can 1nclude comprises
polyether ether ketone (PEEK), polyethylene, or a combi-
nation thereof.

The bone implant can include a spring. The spring can be
released during the step of mechanical activating the bone
implant. The spring can provide the mechanical force that
pulls together the first bone segment and the second bone
segment. The spring can provide the mechanical force that
compresses the first bone segment and a second bone
segment at the bone healing interface. The spring can
provide the mechanical force that maintains the bone under
compression while the bone heals.

The bone implant can include nitinol. Before the spring 1s
released, the spring can hold the bone implant in a shape in
which at least some of the nitinol 1n the bone 1mplant 1s in
the form of martensite. The bone implant can hold together
the first bone segment and the second bone segment such
that soft tissue infiltration 1s blocked.

The bone implant can deform the first bone segment and
the second bone segment so as to create an electrical current
flow 1n the first bone segment and the second bone segment.

The bone implant can include a shape changing cage.

The shape changing cage can include at least one bone
conducting scaflold feature.

The shape changing cage can include a first component,
a second component, and a spring.

During the step of mechanical activation of the method, a
locking pin can be removed from the bone implant. During
the step of mechanical activation of the method, the first
component and the second component can be pulled
together. The pulling together of the first component and the
second component can pulls together the first bone segment
and the second bone segment. The pulling together of the
first component and the second component can compress.
the first bone segment and the second bone segment at the
bone healing interface. The pulling together of the first
component and the second component can maintain the first
bone segment and the second bone segment at the bone
healing interface while the first bone segment and the second
bone segment heal.

The shape changing cage can include nitinol.

The shape changing cage can include a shape memory
metal, an elastic biocompatible metal, an elastic biocompat-
ible polymer, or a combination thereof.

The shape changing cage can include stainless steel,
titanium, or a combination thereof.

The shape changing cage can include polyether ether
ketone (PEEK), polyethylene, or a combination thereof.

The shape changing cage can include a first cylindrical
component and a second cylindrical component. The first
cylindrical component and second cylindrical component
can be locked in place to prevent them from moving
together.

The bone implant can further include a mandrel that locks
the shape changing cage 1n a first shape.

The mandrel can include a bone cutting insertion tip that
1s used during the step of positioning the bone 1mplant.

The step of mechanically activating the bone implant in
the method can include unlocking the cage by removing the
mandrel from the implant. Unlocking the cage can allow the
cage to change 1ts shape. The change 1n shape of the cage
can pull together the first segment and the second bone
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segment. The change 1n shape of the cage can compress the
first bone segment and the second bone segment at the bone
healing interface. The change in shape of the cage can
maintain the first bone segment and the second bone seg-
ment at the bone healing interface while the first bone
segment and the second bone segment heal.

The shape changing cage can include nitinol.

The shape changing cage can include a shape memory
metal, an elastic biocompatible metal, an elastic biocompat-

ible polymer, or a combination thereof.

The shape changing cage can include stainless steel,
fitanium, or a combination thereof.

The shape changing cage can include polyether ether
ketone (PEEK), polyethylene, or a combination thereof.

In general, 1n another aspect, the invention features a bone
implant that includes a biocompatible material structure that
1s 1n a first shape. The first shape allows the section to be
positioned proximate to a first bone segment and a second
bone segment without the biocompatible material structure
applying mechanical forces to pull together the first bone
segment and the second bone segment. The first shape
allows the section to be positioned proximate to a first bone
segment and a second bone segment without the biocom-
patible material structure applying mechanical forces to
compress the first bone segment and the second bone
segment at a bone healing interface. The bone implant
turther includes an actuator holding the biocompatible mate-
rial structure in the first shape. The biocompatible material
structure 1s operable to move toward a second shape upon
actuation of the actuator. The movement of the biocompat-
ible material structure toward the second shape 1s operable
to pull together the first segment and the second bone
segment. The movement of the biocompatible material
structure toward the second shape i1s operable to compress
the first bone segment and the second bone segment at the
bone healing interface. The movement of the biocompatible
material structure to the second shape 1s operable to main-
tain the first bone segment and the second bone segment at
the bone healing interface while the first bone segment and
the second bone segment heal.

Implementations of the invention can include one or more
of the following features:

The biocompatible material structure can include at least
one bone conducting scatlold feature.

The biocompatible matenal structure can be a cage, wire,
staple, plate, screw, rod, tubular structure, external fixation
device, or a combination thereof.

-

T'he first shape can be an expanded shape.

-

T'he second shape can be a contracted shape.

The first shape can be a contracted shape.

r

T'he second shape can be an expanded shape.
The biocompatible material structure can include nitinol.

At least some of the nitinol 1n the biocompatible material
structure can be 1n the form of stress induced or retained
martensite when the biocompatible material structure 1s in
the first shape. At least some of the nitinol can be operable
for changing in form from martensite to austenite due to
change 1n the biocompatible material structure from the first
shape toward the second shape.

The bone healing implant can include a shape memory
metal, an elastic biocompatible metal, an elastic biocompat-
ible polymer, or a combination thereof.

The bone healing implant can include stainless steel,
titanmium, or a combination thereof.

The bone healing implant can include polyether ether

ketone (PEEK), polyethylene, or a combination thereof.
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The bone implant can further include a spring. The spring
can be operatively connected to the biocompatible material
structure and the actuator such that actuation of the actuator
1s operable for releasing of the spring. The spring can be
operatively connected to the biocompatible material struc-
ture and the actuator such that releasing of the spring 1s
operable for releasing the biocompatible material structure
such that the biocompatible matenal structure can change
from the first shape toward the second shape.

The biocompatible material structure can include nitinol.

The biocompatible matenal structure can include a shape
memory metal, an elastic biocompatible metal, an elastic
biocompatible polymer, or a combination thereof.

The shape changing cage can include stainless steel,
fitanium, or a combination thereof.

The shape changing cage can include polyether ether
ketone (PEEK), polyethylene, or a combination thereof.

The movement of the biocompatible material structure
toward the second shape can be operable to compress the
first bone segment and the second bone segment at the bone
healing interface to block soit tissue infiltration.

The movement of the biocompatible material structure
toward the second shape can be operable to deform the first
bone segment and the second bone segment so as to create
an electrical current flow 1n the first bone segment and the
second bone segment.

The biocompatible material structure can include a shape
changing cage.

The shape changing cage can include at least one bone
conducting scaflold feature.

The shape changing cage can include a first component
and a second component. The bone mmplant can further
include a spring. The spring can be operable to maintain the
first component and the second component so that the shape
changing cage 1s in the first shape. The spring can be
operable to be released by the actuation of the actuator. The
first component and the second component can be operable
to pull together, upon release of the spring, to move the
shape changing cage toward the second shape.

The activator can be a plate, tong, clip, wire, rod, or a
combination thereof.

The activator can be a locking pin.

The first component and the second component can be
operable for pulling together when the locking pin 1s
removed from the bone implant. The pulling together of the
first component and the second component can be operable
tor pulling together the first bone segment and the second
bone segment. The pulling together of the first component
and the second component can be operable for compressing
the first bone segment and the second bone segment at the
bone healing interface. The pulling together of the first
component and the second component can be operable for
maintaining the first bone segment and the second bone
segment at the bone healing interface while the first bone
segment and the second bone segment heal.

The biocompatible material structure can include nitinol.

The biocompatible material structure can include a shape
memory metal, an elastic biocompatible metal, an elastic
biocompatible polymer, or a combination thereof.

The biocompatible material structure can include stainless
steel, titanium, or a combination thereof.
The biocompatible material structure can include

polyether ether ketone (PEEK), polyethylene, or a combi-
nation thereof.

The shape changing cage can include a first component
and a second component. The first component and the
second component can be locked 1n place by the actuator.

10

15

20

25

30

35

40

45

50

55

60

65

8

The first component and the second component can be
operable for pulling toward each other upon actuation of the
actuator.

The actuator can be a mandrel that locks the cage 1n the
first shape.
The mandrel can include a bone cutting insertion tip.
The actuator can be operable for removal from the shape
changing cage to allow the shape changing cage to change
its shape from the first position toward the second position.
The shape changing cage can include nitinol.
The shape changing cage can include a shape memory
metal, an elastic biocompatible metal, an elastic biocompat-
ible polymer, or a combination thereof.

The shape changing cage can include stainless steel,
tfitanium, or a combination thereof.

The shape changing cage can include polyether ether
ketone (PEEK), polyethylene, or a combinations thereof.

In general, 1n another aspect, the invention features a bone
healing implant that includes a shape changing washer and
a threaded bone screw. The shape changing washer and the
threaded bone screw are operable for use to pull together a
first bone segment and a segment bone segment. The shape
changing washer 1s operable for storing mechanical energy
by changing 1ts shape as the threaded bone screw 1s rotated
when used to pull together the first bone segment and the
segment bone segment. The stored mechanical energy of the
shape changing washer 1s operable to pull together the first
bone segment and a second bone segment. The stored
mechanical energy of the shape changing washer 1s operable
to compress the first bone segment and the second bone
segment at the bone healing interface. The movement of the
biocompatible matenial structure to the second shape 1s
operable to maintain the first bone segment and the second
bone segment at the bone healing interface while the first
bone segment and the second bone segment heal.

Implementations of the invention can include one or more
of the following features:

r

T'he shape changing washer can have changing bellows.
The bone healing implant can further include at least one
bone conducting scatlold feature.

The shape changing washer can include nitinol.
The shape changing washer can include a shape memory
metal, an elastic biocompatible metal, an elastic biocompat-
ible polymer, or a combination thereof.

The shape changing washer can include stainless steel,
titanium, or a combination thereof.

The shape changing washer can include polyether ether
ketone (PEEK), polyethylene, or combination thereof.

In general, 1n another aspect, the invention features a bone
healing method that includes selecting a bone implant. The
bone implant has at least one bone scaflold feature. The
method further includes positioning the bone implant 1n a
position to pull first bone segment and a second bone
segment together and to compress the first bone segment and
the second bone segment at the bone healing interface.
When so positioned 1n the method, the bone implant pulls
together the first segment and the second bone segment.
When so positioned in the method, the bone 1implant com-
presses the first bone segment and the second bone segment
at the bone healing interface. When so positioned in the
method, the bone implant maintains the first bone segment
and the second bone segment at the bone healing interface
while the first bone segment and the second bone segment
heal. The bone scaflold feature conducts bone through the
bone 1mplant and across the healing bone interface utilizes

while the first bone segment and the second bone segment
heal.
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Implementations of the invention can include one or more
of the following features:

The bone scaflold feature can be a fenestration for bone
ingrowth.

The bone scailold feature can be a circular fenestration for
bone 1ngrowth, an elongated fenestration for bone growth, a
slot fenestration for bone growth, a lumen for bone
ingrowth, or a combination thereof.

The bone scatlold feature can be a shape changing feature.

The bone implant can include nitinol.

The bone implant can include a shape memory metal, an
clastic biocompatible metal, an elastic biocompatible poly-
mer, or a combination thereof.

The bone implant can include stainless steel, titanium, or
a combination thereof.

The bone implant can include polyether ether ketone
(PEEK), polyethylene, or a combination thereof.

In general, 1n another aspect, the invention features a bone
implant that includes biocompatible material structure that 1s
in a first shape. The first shape allows the biocompatible
material structure to be positioned proximate to a first bone
segment and a second bone segment. The biocompatible
material structure 1s operable to move from a first shape to
a second shape. Movement of the biocompatible material
structure toward the second shape 1s operable to pull
together the first segment and the second bone segment.
Movement of the biocompatible material structure toward
the second shape 1s operable to compress the first bone
segment and the second bone segment at the bone healing
interface. Movement of the biocompatible material structure
to the second shape 1s operable to maintain the first bone
segment and the second bone segment at the bone healing
interface while the first bone segment and the second bone
segment heal. The bone implant further includes at least one
bone scaflold feature incorporated with the biocompatible
material structure. The bone scatlold feature 1s operable to
conduct bone through the implant and across the healing
bone 1nterface while the first bone segment and second bone
segment heal.

Implementations of the invention can include one or more
of the following features:

The bone scaflold feature can be a fenestration for bone
ingrowth.

The bone scaflold feature can be a circular fenestration for
bone 1ngrowth, an elongated fenestration for bone growth, a
slot fenestration for bone growth, a lumen for bone
ingrowth, or a combination thereof.

The bone scaflold feature can be a shape changing feature.

The biocompatible material structure can include nitinol.

The biocompatible matenal structure can include a shape
memory metal, an elastic biocompatible metal, an elastic
biocompatible polymer, or a combination thereof.

The biocompatible material structure can include stainless
steel, titantum, or a combination thereof.

The biocompatible material structure can 1nclude
polyether ether ketone (PEEK), polyethylene, or a combi-
nation thereof.

There has thus been outlined, rather broadly, the more
important features of the invention in order that the detailed
description thereof may be better understood, and in order
that the present contribution to the art may be better appre-
ciated. There are additional features of the invention that
will be described heremafter.

In this respect, before explaining at least one embodiment
of the invention 1n detail, 1t 1s to be understood that the
invention 1s not limited in 1ts application to the details of
construction and to the arrangements of the components set
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forth 1n the following description or illustrated in the draw-
ings. The mvention 1s capable of other embodiments and of
being practiced and carried out 1n various ways. Also, 1t 1s
to be understood that the phraseology and terminology
employed herein are for the purpose of the description and
should not be regarded as limiting.

DESCRIPTION OF DRAWINGS

FIG. 1 1llustrates a rigid bone fixation plate and screw
system of the prior art.

FIG. 2 1illustrates the rigid bone fixation plate and screw
system of FIG. 1 holding the bone segments apart.

FIG. 3 1illustrates a shape changing bone plate with
displacement section extended, unstable, and able to pull
together and compress bone segments so as to close the gap
and compress the bone segments at the healing interfaces.

FIG. 4 1llustrates the shape changing bone plate with
displacement section of FIG. 3 contracted to hold the gap
closed and compress the bone segments.

FIG. 5 illustrates a shape changing bone staple with the
bridge extended, legs straightened, and mechanically
unstable so that 1ts spontaneous shape change closes the gap.

FIG. 6 1llustrates the shape changing bone staple of FIG.
5 with the bridge contracted and legs detflected inward to
hold the gap closed and compress the bone segments.

FIG. 7 illustrate a shape changing cylindrical fenestrated
hollow cage, 1n i1ts extended length, contracted diameter and
unstable state, which uses an 1nternal spring to close the gap
and compress the bone interfaces.

FIG. 8 illustrates the shape changing cylindrical fenes-
trated hollow cage of FIG. 7 1n 1ts contracted length and
expanded diameter using the internal spring’s strain energy
to expand the cage diameter, lock into the central lumen of
bone and shorten the cage’s length so as to closed and
compress the gap between bone segment and 1nterfaces.

FIG. 9 1llustrates an orthogonal view of the bone fixation
cylindrical cage of FIG. 7 with lock pin 1n 1ts elongated and
diametrically contracted pre-implantation condition with
maximum stored mechanical strain energy.

FIG. 10 1llustrates an orthogonal view of the bone fixation
cylindrical cage of FIG. 8 1n 1ts shortened and expanded
post-implantation condition with no stored mechanical
strain energy.

FIG. 11 illustrates a plane view of a bone fixation cylin-
drical cage of the bone fixation cylindrical cage of FIG. 8 1n
its shortened and expanded post-implantation condition with
no stored mechanical strain energy showing bone locking
members, bone 1 growth fenestrations, circular fenestra-
tions, and lock pin receiver.

FIG. 12 1llustrates an orthogonal view of the components
of the bone fixation cylindrical cage of FIGS. 7-8 that 1s
disassembled to show the two cylindrical components and
spring.

FIG. 13 illustrates a shape changing cylindrical fenes-
trated hollow cage 1n 1ts extended length, contracted diam-
cter, and unstable state that uses its elastic material proper-
ties to close the gap and compress the bone interfaces.

FIG. 14 illustrates the shape changing cylindrical fenes-
trated hollow cylinder of FIG. 13 1n 1ts contracted length and
expanded diameter using 1ts material properties to pull the
gap closed and compress the bone interfaces.

FIG. 15 1llustrates an orthogonal view of a bone fixation
cylindrical cage of FIG. 13 1n 1ts elongated and diametrically
contracted pre-implantation condition with bone ingrowth
tenestrations and holes, and elongated ribs storing maximum
mechanical strain energy.
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FIG. 16 illustrates an orthogonal view of the bone fixation
cylindrical cage of FIG. 14 1n 1ts shortened and expanded

post-implantation condition with bulging ribs and no stored
mechanical strain energy.

FI1G. 17 illustrates an orthogonal view of the bone fixation
cylindrical cage of FIG. 13 1n its extended and diametrically
contracted pre-implantation state while locked on an 1implan-
tation mandrel having a bone cutting insertion tip, with the
mandrel lobe engaged 1n cage instrument fenestration and
the driver fenestrations accessible to facilitate release.

FIG. 18 illustrates an orthogonal view of the bone fixation
cylindrical cage of FIG. 14 1n 1ts shortened and expanded
post-implantation configuration following release from the
implantation mandrel through release of the mandrel lobe
and cage mstrument release fenestration.

FI1G. 19 1llustrates a shape changing washer 1t 1ts unstable
state that, using the matenal’s elastic properties, pulls on a
bone screw to pull together bone segments to close the gap.

FI1G. 20 illustrates the changing washer of FIG. 19 that,
using the material’s elastic properties, deflects 1ts structure
to pull on a bone screw to pull together bone segments, hold
the gap closed, and compress the bone segments at the
healing interface. FIG. 21 illustrates a threaded bone screw
with mechanical energy storing shape changing washer of
fully strained and storing maximum energy.

FI1G. 22 illustrates the threaded bone screw and mechani-
cal energy shape changing washer of FIG. 21 with the
mechanical energy storing shape changing washer partially
strained and storing an intermediate amount of energy.

FI1G. 23 illustrates the threaded bone screw and mechani-
cal energy storing shape changing washer of FIG. 21 with
the mechanical energy storing shape changing washer fully
recovered 1n 1ts shape and storing no energy.

FIG. 24 1illustrates an orthogonal view of an alternate
embodiment of a shape changing washer that can be used
with a threaded bone screw, showing the shape changing
washer fully recovered 1n its shape changing bellows section
and storing no energy.

FIG. 25 illustrates an orthogonal view of the alternate
embodiment of the shape changing washer of FIG. 24
showing the shape changing washer fully extended in 1its
shape changing bellows section and storing maximum
energy.

REFERENCE NUMERALS

10 First bone segment.

20 Second bone segment.

30 Rigid bone plate.

40 Rigid bone plate screws.

50 Bone healing junction between the first bone segment
and second bone segment being held 1n contact.

60 Intlammation, motion or procedure induced bone gap
with non-bony tissue interpositioned between the first
bone segment and second bone segment.

62 Bone healing interface of second bone segment 20.

64 Bone healing interface of first bone segment 10.

70 Shape changing element of a contracting bone plate 90
in 1ts unstable uncontracted state.

80 Shape changing element of a contracting bone plate 90
in 1ts contracted state.

90 Shape changing bone plate that can exist 1n a con-
tracted, extended or intermediate state.

100 Shape changing staple 1n 1ts unstable uncontracted
state 1n which 1t stores mechanical energy and is 1n a
condition to pull together and compress the bone seg-
ments 10 and 20 so as to continuously close the gap 60.
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110 Shape changing bone staple in 1ts contracted state in
which 1ts bridge has shortened and 1ts legs have

deflected 1nwards.

120 Shape changing cylindrical fenestrated hollow cyl-
inder 1n its extended length and contracted diameter
with internal springs.

130 Shape changing cylindrical fenestrated hollow cyl-
inder 1n its contracted length and expanded diameter.

140 Shape changing cylindrical fenestrated hollow cage
in 1ts extended length and contracted diameter unstable
state that uses 1ts matenal properties to change shape.

150 Shape changing cylindrical fenestrated hollow cyl-
inder 1n 1ts contracted length and expanded diameter
using 1ts material properties to change shape.

153 Cage implantation mandrel for a shape changing
cylindrical fenestrated hollow cylinder.

155 Cage implantation mandrel retention lobe.

156 Bone cutting insertion tip of msertion mandrel 153.

160 Bone screw configured to operate with a shape
changing washer.

170 Shape changing washer in 1ts unstable state ready to
change shape with maximum stored elastic energy.
180 Shape changing washer in a partially detlected state

pulling on the bone screw

160 and compressing bone as the interface gap 50 1s held
1n apposition.

185 Shape changing washer with no stored elastic energy.

190 Movably connected expansion member for cylindri-
cal fenestrated cylindrical cage.

200 Circular fenestrations for bone ingrowth.

210 Elongated fenestrations for bone ingrowth.

220 Mechanical energy storage and shape change spring.

230 Movably connected expansion member actuator.

240 Shape changing cylindrical internal locking fenestra-
tion.

250 Fenestration mechanism lock pin.

260 Lock pin manipulator.

270 Lock pin receiver.

280 First half of shape changing cylindrical cage.

290 Second half of shape changing cylindrical cage.

400 Alternate embodiment of a shape changing washer.

410 Alternate embodiment washer 400 with shape chang-
ing section elongated and storing mechanical elastic
strain energy.

420 Alternate embodiment washer 400 with shape chang-
ing section contracted and not storing mechanical elas-
tic strain energy.

510 Circular fenestrations of the alternate embodiment for
bone mmgrowth.

520 Slot fenestrations of the alternate embodiment for
bone ingrowth.

530 Expanded ribs of the fenestrated cylinder.

540 Instrument driving fenestrations.

550 Instrument release fenestrations.

560 Shape changing bone fixation cylinder lumen for
bone mngrowth.

570 Straight ribs of the fenestrated cylinder storing maxi-
mum shape changing energy.

DETAILED DESCRIPTION

The mvention consist of a method of enhancing bone
healing by actively pulling the bone segments together at the
healing interface and squeezing so as to continuously hold
the bones 1 contact and create mechanical stress in the
bone. The mvention further includes bone fixation implants
that change shape to implement this method. The enhanced
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bone healing due to mechanical shape change 1s further
advanced through embodiments of the implant invention
that conduct bone healing through fenestrations and its
lumen. Bone fixation shape changing implant designs that
use this method include screws, washers, cylindrical cages,
plates, staples, rods, and external fixators.

Since around 2000, Applicant has observed surgical pro-
cedures and the bone healing outcome when the OSStaple™
implant (Applicant’s mvention disclosed and taught 1n Fox
677 Patent) was implanted to fixate bone fracture and
tusions. In such observations by Applicant (and confirmed
by direct discussions with clinicians performing the proce-
dures observed), unexpected results were observed and 1t
was seen that (1) the OSStaple™ 1mplant changed shape in
bone with time, (2) the bone cut “osteotomy’ or fracture was
not visible on x-ray at an earlier time-point in healing, (3) the
bone healed through primary bone healing (1.e., without a
callus and just direct fusion with normal anatomy), not
secondary bone healing (1.e., with a callus and bulbous
anatomy at the fusion site), (4) that healing occurred quicker,
and (5) non-healing occurred less frequently.

These remarkable observations were unexpected and
upon further study two conditions were observed that illus-
trated the mechanism through which healing was enhanced.
One mechamism was that the implant’s shape change closed
bony gaps, which mechanically blocked soit tissue filtra-
tion between the bone segments. A second mechanism was
that the implant’s mechanical loading of bone played to
Wolil’s Law and stimulated bone to heal with greater bone
density and size. This second mechamism affected both bone
cell and bone matrix.

Bone 1s composed of collagen and calctum phosphate.
The calcium phosphate forms crystalline hydroxyapatite.
When the bone matrnix 1s strained, the crystalline hydroxy-
apatite 1s strained and through 1ts piezoelectric properties
creates current flow. Electrical current flow has been
reported 1n bone when strained. Electronic bone healing
stimulators that place electrodes in the bony wound or pulse
clectromagnetic fields through bone report that their mecha-
nism of healing 1s cell recruitment driven due to the mnduced
current flow 1n bone. This mechanical strain induced current
flow 1s one of two mechanisms of enhanced bone healing
activated with the implants that use this method of enhanced
healing.

The second of two mechanisms 1s the eflect of compres-
sion and increased environmental pressure on the bone
tforming cells within the compression region. Bone cells 1n
intact healthy bone have been shown to respond to mechani-
cal loading to build more and stronger bone. Applicant’s
unexpected observation 1s that this response occurred in
healing bone, which 1s a much different process than the
remodeling that strengthens intact healthy bone. Bone heal-
ing includes intlammation, bone resorbtion, non-mineralized
matrix formation, and mineralization of the matrix. Remod-
cling of intact bone does not include all of these processes.
Implants designed to change shape to pull together and
compress a healing bone fracture, cut or fusion 1s a signifi-
cant advance 1n skeletal healthcare.

In general, the bone healing method and devices that
change shape and pull together and compress bone can be
applied throughout the skeletal system. For example, the
invention can be an implant device for healing of fingers and
toe bones. The method and devices provide the clinician the
ability to implant the devices 1n their proper position and
then release the device so that 1t can have the mechanical
energy to (a) compress the bone segments, and (b) maintain
the compression during the bone healing process. Accord-
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ingly, the devices have an activator that can be withdrawn
from the device (such as, for example, a rod that can be
withdrawn allowing a spring to provide the mechanical
energy ) or can remain with the device (such as, for example,
a screw that can be rotated to allow a spring to provide the
mechanical energy). Because the bone healing device 1s not
activated until after 1t 1s 1n place, this allows the clinician to
fully position i1t before activation. Moreover, when the
device 1s not properly positioned, the bone healing device
can be removed by the clinician before activation and then
correctly positioned.

Furthermore, the implants can act as a scaflolding for
bone thus conducting bone formation through the implant.
This further facilitates the healing of bone segments.

The embodiments of the present inventions thus over-
come the deficiencies of the prior rnigid bone fixation
implants, such as (1) not closing a gap formed at the edges
of the fracture or cut due to inflammation, (2) holding the
bone ends at a distance that 1s too far for bone cells to bridge
to facilitate healing, (3) holding the bone so that compres-
s1on loads 1n bone do not occur, (4) holding a gap between
the ends of bone so that soit tissue can infiltrate 1into the gap
and delay or prevent healing, (5) not mechanically straining
bone to illicit piezoelectric current flow, (6) not mechani-
cally straining or modulating bone cell pressure to stimulate
these cells to form and model bone, (7) providing a scai-
folding to conduct bone to grow through the implant and (8)
others deficiencies that will become more clear in the review
of the embodiments of the subject invention.

Moreover, the implants allow the clinician the ability to
implant the devices in their proper position and then activate
them. This combination significantly eases the burdens on
the clinicians when using implants. Moreover, by doing so,
this 1ncreases the clinicians’ ability to properly place the
implants. Proper placement 1s additionally beneficial as the
implants can be utilized for scaflolding for bone growth.

In embodiments of the invention, the implant can include
a shape memory metal (such as nitinol), which can utilize
the pseudo elastic properties of such materials. Alternatively,
the implant can be made of any elastic biocompatible metal
(such as stainless steel, titanium, etc.) or can be made of an
clastic biocompatible polymer (such as polyether ether
ketone (PEEK),), polyethylene, etc.).

FIGS. 1-4 are illustrative of how the present invention
overcome the deficiencies of the prior rigid bone fixation
implants. FIG. 1 illustrates a rigid bone fixation plate and
screw system of the prior art. This system includes a rigid
bone plate 30 and rnigid bone plate screws 40. As 1llustrated
in FIG. 1, this system 1s utilized to hold 1n contact a first
bone segment 10 and a second bone segment 20 at the bone
healing junction 50 between these two bone segments.

FIG. 2 1illustrates the rigid bone fixation plate and screw
system of FIG. 1 holding first bone segment 10 and second
bone segment 20 apart after formation of an intflammation,
motion or procedure induced gap 60 between the bone
healing interface 62 (of second bone segment 20) and bone
healing interface 64 (of first bone segment 10).

In embodiments of the present invention shown in FIGS.
3-4, a shape changing plate 90 utilizes a shape changing
section 70 between first bone segment 10 and second bone
segment 20 that can deform to become section 80 and pull
so the fragments together so as to close the bony gap 60 and
hold the bone healing interfaces 62 and 64 in contact. The
activator 1s not shown in FIGS. 3-4.

FIGS. 5-6 are 1llustrative of a shape changing bone staple.
Such shape changing bone staple does not include an
activator. FI1G. 5 1llustrates a shape changing bone staple 100
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with the bridge extended, legs straightened and mechani-
cally unstable so that 1ts spontaneous shape change can close
the gap 60. FIG. 6 1llustrates the shape changing bone staple
100 of FIG. S with the bridge contracted and legs deflected
inward to hold the gap 50 closed and compress the bone
segments 10 and 20. The contracted shape changing bone
staple 100 of FIG. § i1s shape changing bone staple 110 of
FIG. 6.

Accordingly, the shape changing staple 100 (1n 1ts uncon-
tracted state) can shorten i1ts bridge and swings 1ts legs
inward 1ts contract to close the gap 60 and hold the healing
interface 50 in contact. The shape changing bridge and legs
of staple 100 act together to pull together and compress the
bone segments to avoid bone gaping and strain the healing
bone.

Shape Changing Cage (with Internal Spring)

FIGS. 7-12 are illustrative of a shape changing cage used
to pull together and compress bone segments. This 1s an
example of a bone healing implant that can be positioned by
the clinician while the implant does not apply mechanical
force to compress the bone segments (to be healed) and,
alter positioning, the bone healing implant can be mechani-
cally activated to apply the compressive mechanical force.

FI1G. 7 illustrates a shape changing cylindrical fenestrated
hollow cage 120, 1n 1ts extended length, contracted diameter
and unstable state, which uses an internal spring to close the
gap 60 and compress the bone interfaces 62 and 64.

FIG. 8 illustrates the shape changing cylindrical fenes-
trated hollow cage 120 of FIG. 7 1n its contracted length and
expanded diameter (shape changing cylindrical fenestrated
hollow cage 130) using an internal spring’s strain energy to
expand the cage diameter, lock into the central lumen of
bone and shorten the length of cage shape changing cylin-
drical fenestrated hollow cage 130 (as compared to shape
changing cylindrical fenestrated hollow cage 120) so as to
closed and compress the gap 50 between bone segments 10
and 20.

FI1G. 9 illustrates an orthogonal view of the bone fixation
cylindrical cage 120 of FIG. 7 with lock pin 250 in 1ts
clongated and diametrically contracted pre-implantation
condition with maximum stored mechanical strain energy.
Lock pin 250 includes lock pin mamipulator 260. FIG. 9
turther shows the movable connected expansion members
190 and the circular fenestrations 200 (for bone growth) of
bone fixation cylindrical cage 120.

FI1G. 10 illustrates an orthogonal view of the bone fixation
cylindrical cage 130 of FIG. 8 in 1ts shortened and expanded
post-implantation condition with no stored mechanical
strain energy. (When utilized, the bone fixation cylindrical
cage does not fully shorten, so some of the stored mechani-
cal strain energy remains to maintain compression.) FI1G. 10
shows the movable connected expansion members 190 (after
movement) and the circular fenestrations 200 of bone fixa-
tion cylindrical cage 130. FIG. 10 also shows elongated
tenestrations for bone growth 210 and lock pin receiver 270.

FIG. 11 illustrates a plane view of the bone fixation
cylindrical cage 130 of FIG. 8 1n 1ts shortened and expanded
post-implantation condition with no stored mechanical
strain energy showing bone locking members 190, bone 1n
growth fenestrations 210, circular fenestrations 200, and
lock pin receiver 270.

FI1G. 12 illustrates an orthogonal view of the components
of the bone fixation cylindrical cage of FIGS. 7-8 that
disassembled to show its two cylindrical components 280
and 290 and spring 220. FIG. 12 also shows the movably
connected expansion member actuator 230 and the shape
changing cylindrical internal locking fenestration 240.
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During use, the shape changing cylindrical fenestrated
hollow cage 120 1s inserted in 1ts extended length and
contracted diameter. Once properly positioned by the clini-
cian, the shape changing cage 120 1s activated so that it takes
on a shortened and diametrically expanded configuration of
shape changing cage 130. In the illustrated embodiment,
activation 1s accomplished by pulling the mechanism lock
pin 250 by 1ts manipulator 260 to remove 1t from the shape
changing cage. Once activated the spring 220 elongates to
pull together the cage components 280 and 290. As the cage
components over slide one another the locking member
actuators 230 push out on the expansion member 190 to lock
into the lumen of bone and pull the two bone segments 10
and 20 together and hold and compress their healing inter-
face. The cage’s fenestrations and lumens act to conduct
bone to form within the lumen and across the healing site.

It should be noted that in this design, the lock pin 250 1s
utilized to keep the shape changing cylindrical fenestrated
hollow cage 120 1n 1ts extended length and, once the lock pin
250 1s withdrawn the spring 220 acts on the shape changing
cylindrical fenestrated hollow cage 120 to transition to the
shortened and diametrically expanded configuration of
shape changing cage 130 due to mechanical properties of the
spring 220 and cage materials used.

For example, the materials used 1n fabricating the shape
changing cage 120 can include nitinol, and the spring 220
maintains nitinol 1n the shape changing cage 120 1n the form
of stress induced or stress retained martensite. When the
spring 220 1s released, some or all of the nitinol 1n the form
of martensite changes in form to the form of austenite. Stress
induced martensite 1s created when nitinol 1n 1ts austenitic
crystalline structure 1s strained. Stress retained martensite 1s
created by cooling austenitic nitinol below its martensitic
finish temperature, manipulating the device to a second
shape and then mechanically straiming the device into this
second shape and restraining it with a mechanical activator
so that at higher temperatures its martensitic structure 1s
retained until the implant 1s activated. Alternatively, the
materials used in shape changing cage 120 can include a
different shape memory metal or can include only metal that
1s not a shape memory metal. With respect to the later, the
shape changing cage 120 would be held 1n a different shape
without exceeding the elastic deformation limits of the metal
utilized.

In such embodiments described above, the spring 220 1s
exerting eflort to extend and 1s not used to apply compres-
sive forces. In other embodiments, a spring can be used to
provide compressive forces; however, such design 1s viewed
as being less stable (and less advantageous) because the
tension 1n the spring can be compromised over time.
Shape Changing Cage (without Internal Spring)

FIGS. 13-18 are 1llustrative of a shape changing cage used
to pull together and compress bone segments. This 1s another
example of a bone healing implant that can be positioned by
the clinician while the implant does not apply mechanical
force to compress the bone segments (to be healed) and,
alter positioming, the bone healing implant can be mechani-
cally activated to apply the compressive mechanical force.
Unlike the shape changing cage of FIGS. 7-12, this shape
changing cage does not utilize an internal spring.

FIG. 13 illustrates a shape changing cylindrical fenes-
trated hollow cage 140 1n its extended length, contracted
diameter and unstable state that uses its elastic material
properties to close the gap 60 and compressing the bone
interfaces 62 and 64.

FIG. 14 illustrates the shape changing cylindrical fenes-
trated hollow cylinder 140 of FIG. 13 1n 1ts contracted length
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and expanded diameter (shape cylindrical fenestrated hol-
low cylinder 150) using 1ts material properties to pull the gap
50 closed and compress the bone interfaces 62 and 64.

FIG. 15 1llustrates the orthogonal view of a bone fixation
cylindrical cage 140 of FIG. 13 1n 1ts elongated and dia-
metrically contracted pre-implantation condition with bone
ingrowth fenestrations 520 and holes 510, and elongated ribs
570 storing maximum mechanical strain energy. FIG. 135
turther shows instrument driving fenestrations 540, instru-
ment release fenestrations 550, and shape changing bone
fixation cylinder lumen 560 (for bone ingrowth).

FI1G. 16 1llustrates the orthogonal view of a bone fixation
cylindrical cage 150 of FIG. 14 in 1its shortened and
expanded post-implantation condition with bulging ribs 530
and no stored mechanical strain energy.

FIG. 17 illustrates the orthogonal view of the bone
fixation cylindrical cage 140 of FIG. 13 1n 1ts extended and
diametrically contracted pre-implantation state while locked
on the implantation mandrel 133 having a bone cutting
insertion tip 156, with the mandrel lobe 155 engaged in cage
instrument fenestration 550 and the driver fenestrations 540
accessible to facilitate release. (The mandrel lobe 155 1s
shown 1n FIG. 18).

FI1G. 18 illustrates an orthogonal view of the bone fixation
cylindrical cage 150 1n 1ts shortened and expanded post-
implantation configuration following release from the
implantation mandrel 153 through release of the mandrel
lobe 155 and cage instrument release fenestration 550.

During use, the shape changing cage 140 1s inserted while
in its extended length and contracted diameter by the use of
the msertion mandrel 153. The mandrel 153 1s sharp with a
cutting tip 156 on one end and 1s advanced 1nto bone while
turning. Once 1nserted in bone, the shape changing cage 140
1s released and takes on a shortened and diametrically
expanded configuration (of shape changing cage 150). To
release, the cage 140 and mandrel 153 are counter rotated so
as to unlock the cage 140 from the mandrel 153. The
diameter expansion locks the cage into bone, the shortening
brings the bones together and compresses, the fenestrations
and lumen conduct bone through the cage and across the
healing interface.

Shape Changing Washer and Bone Screw System

FIGS. 19-25 are illustrative of a shape changing washer
and bone screw system used to pull together and compress
bone segments. This 1s an example of a bone healing implant
in which compressive mechanical force 1s applied while the
implant 1s being positioned by the clinician. This embodi-
ment 15 unmique 1n that it uses elastic and pseudo-elastic
deformation of the shape changing washer to implement and
maintain the compressive forces.

FIG. 19 illustrates a shape changing washer 170 1t its
unstable state that, using the material’s elastic properties,
pulls on a bone screw 160 to pull together bone segments 10
and 20 to close the gap 60.

FI1G. 20 1llustrates the shape changing washer 170 of FIG.
19 that, using the material’s elastic properties, detlects its
structure (shape changing washer 180) to pull on the bone
screw 160 to pull together bone segments 10 and 20, hold the
gap 50 closed, and compress the bone segments 10 and 20
at the healing interface.

FIGS. 21-23 illustrate the shape changing of the shape
changing washer 170 as it 1s utilized with threaded bone
screw 160. FI1G. 21 illustrates threaded bone screw 160 with
mechanical energy storing shape changing washer 170 fully
strained and storing maximum energy. FI1G. 22 1llustrates the
threaded bone screw 160 and mechanical energy storing
shape changing washer 170 of FIG. 21 partially strained
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(mechanical energy storing shape changing washer 180) and
storing an itermediate amount of energy. FIG. 23 1llustrates
the threaded bone screw 160 and mechanical energy stormg
shape changing washer 170 of FIG. 21 fully recovered 1n 1ts
shape (mechanical energy storing shape changing washer
185) and storing no energy.

FIGS. 24-235 illustrate orthogonal views of an alternate
embodiment of a shape changing washer 400 that can be
used with a threaded bone screw (such as threaded bone
screw 160 shown in FIGS. 21-23). In FIG. 24, shape
changing washer 400 1s shown fully recovered 1n 1ts shape
changing bellows section 420 and storing no energy. In FIG.
235, shape changing washer 400 1s shown fully extended 1n
its shape changing bellows section 410 and storing maxi-
mum energy.

During use, the shape changing washer 170 converts 1ts
clastic mechanical energy to pull the screw 160 by detlecting
to a second shape (shape changing washer 180). The shape
changing washer 185 (having no stored elastic energy) 1s on
screw 160. As the screw 160 1s threaded 1nto bone, the shape
changing washer 185 1s strained and conforms to the screw
160 and takes on the strained shape (shape changing washer
170). If a gap forms, the shape changing washer 170
transitions to the partially detlected stated (shape changing
washer 180) and pulls the screw 160 to hold the gap 60
closed so that the interface 50 1s 1n constant contact and
compressed.

In an alternate embodiment (shown i FIGS. 24-25),
shape changing washer 400 has a bellows section that
clongates and contracts to pull the bone screw 160. Fenes-
trations can be placed in the walls of the washer 400 to
facilitate bone ingrowth and retention.

CONCLUSIONS AND 5SCOPE

The embodiments 1llustrated 1n this application are a
significant advancement over the prior art rigid bone fixation
implants 1n light of: (1) the simultaneous method of fixating

bone and promoting healing, (2) the method of pulling
together healing bone segments to that a gap does not form,
(3) the method of minimizing non-healing due to fibrous
tissue 1nfiltration by blocking infiltration by not allowing a
gap to form, (4) the method of stimulating bone cells and
matrix by mechanical compression, (5) the method of stimu-
lating bone healing through deformation of the hydroxyapi-
tite calcium phosphate bone crystals to create current flow
and bone cell recruitment to the healing wound, (6) the
method of bone ingrowth and conduction through the
implant and across the healing interface and (7) the incor-
poration ol shape changing features into implants including
but not limited to screws, washers, cylinders, plates, staples,
rods, and external fixation devices.

Although the description above contains many specifici-
ties, these should not be construed as limiting the scope of
the embodiments but as merely providing illustrations of
some of the presently preferred embodiments. Thus the
scope of the embodiment should be determined by the
appended claims and their legal equivalents, rather than by
the examples given.

The disclosures of all patents, patent applications, and
publications cited herein are hereby incorporated herein by
reference in their entirety, to the extent that they provide
exemplary, procedural, or other details supplementary to
those set forth herein.
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What 1s claimed 1s:

1. A bone healing method comprising the steps of:

(a) selecting a bone implant operable for pulling together
a first bone segment and a second bone segment and
operable for compressing the first bone segment and the
second bone segment at a bone healing interface;

(b) positioning the bone 1mplant 1n a position to pull the
first bone segment and the second bone segment
together and to compress the first bone segment and the
second bone segment at the bone healing interface,
wherein
(1) during the step of positioning, the bone implant 1s

locked 1n a first shape,

(11) during the step of positioning, the bone implant
applies no mechanical force to pull the first bone
segment and the second bone segment together, and

(111) during the step of positioning, the bone implant
applies no mechanical force to compress the first

bone segment and the second bone segment at the

bone healing mterface; and

(c) after positioning of the bone implant, mechanically

activating the bone mmplant by unlocking the bone

implant and releasing the bone implant from the first
shape to a second shape that 1s different from the first
shape, wherein

(1) the mechanically activated bone implant pulls
together the first segment and the second bone seg-
ment,

(11) the mechanically activated bone implant com-
presses the first bone segment and the second bone
segment at the bone healing interface, and

(111) the mechanically activated bone implant maintains
the first bone segment and the second bone segment
at the bone healing interface while the first bone
segment and the second bone segment heal.

2. The bone healing method of claim 1, wherein the bone
implant 1s selected from the group consisting of cages,
wires, staples, plates, screws, rods, tubular structures, exter-
nal fixation devices, and combinations thereof.

3. The bone healing method of claim 1, wherein the first
shape 1s an expanded shape.

4. The bone healing method of claim 3, wherein the
second shape 1s a contracted shape.

5. The bone healing method of claim 1, wherein change
of the bone implant from the first shape to the second shape
comprises a first shape change in a first direction and a
second shape change 1n another direction, wherein

(a) the first shape change and the second shape change are
different;

(b) the first shape change 1s
traction; and

(¢c) the second shape change 1s a
contraction.

6. The bone healing method of claim 1, wherein the
change of the bone implant to the second shape 1s operable
for

(a) pulling together the first bone segment and the second
bone segment, and

(b) compressing the first bone segment and the second
bone segment at the bone healing interface.

7. The bone healing method of claim 1, wherein the bone

implant comprises nitinol.

8. The bone healing method of claim 7, wherein the bone
implant comprises an activator, wherein

(a) belore the activator 1s removed from the bone implant,
the activator retains the bone implant locked 1n the first

a shape expansion or con-

shape expansion or
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shape 1n which at least some of the nitinol in the bone
implant 1s 1n the form of stress induced or retained
martensite,

(b) the activator 1s removed from the bone implant during
the step of mechanically activating the bone implant,
and

(c) after the activator 1s removed from the bone implant,
the bone implant changes shape, wherein at least some
of the nitinol 1n the bone 1mplant changes 1 form to
austenite.

9. The bone healing method of claim 1, wherein the bone
healing implant comprise a material selected from the group
consisting of shape memory metals, elastic biocompatible
metals, elastic biocompatible polymers, and combinations
thereof.

10. The bone healing method of claim 1, wherein the bone
healing implant comprises a material selected from the
group consisting of stainless steel, titanium, and combina-
tions thereof.

11. The bone healing method of claim 1, wherein the bone
healing implant comprises a material selected from the
group consisting of polyether ether ketone (PEEK), poly-
cthylene, and combinations thereof.

12. The bone healing method of claim 1, wherein

(a) the bone implant comprises nitinol, and

(b) before the mechanically activating the bone implant,
the bone 1mplant 1s 1n the form of martensite.

13. The bone healing method of claim 1, wherein the bone
implant holds together the first bone segment and the second
bone segment such that soft tissue infiltration 1s blocked.

14. The bone healing method of claim 1, wherein the bone
implant deforms the first bone segment and the second bone
segment so as to create an electrical current tlow 1n the first
bone segment and the second bone segment.

15. The bone healing method of claim 1, wherein the bone
implant comprises a shape changing cage.

16. The bone healing method of claim 15, wherein the
shape changing cage comprises at least one bone conducting
scaflold feature.

17. The bone healing method of claim 15, wherein the
shape changing cage comprises a first component and a
second component.

18. The bone method of claim 17, wherein during the step
of mechanical activation:

(a) a locking pin 1s removed from the bone implant; and

(b) the first component and the second component are
pulled together, wherein the pulling together of the first
component and the second component
(1) pulls together the first bone segment and the second

bone segment,
(11) compresses the first bone segment and the second
bone segment at the bone healing interface, and
(111) maintains the first bone segment and the second
bone segment at the bone healing interface while the
first bone segment and the second bone segment
heal.

19. The bone healing method of claim 18, wherein the
shape changing cage comprises nitinol.

20. The bone healing method of claim 18, wherein the
shape changing cage comprises a material selected from the
group consisting ol shape memory metals, elastic biocom-
patible metals, elastic biocompatible polymers, and combi-
nations thereof.

21. The bone healing method of claim 18, wherein the
shape changing cage comprises a material selected from the
group consisting of stainless steel, titanium, and combina-
tions thereof.
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22. The bone healing method of claim 18, wherein the
shape changing cage comprises a material selected from the
group consisting of polyether ether ketone (PEEK),
polyethelene, and combinations thereof.

23. The bone healing method of claim 15, wherein the
shape changing cage comprises:

(a) a first cylindrical component; and

(b) a second cylindrical component, wherein the first
cylindrical component and second cylindrical compo-
nent are locked 1n place to prevent them from moving
together.

24. The bone method of claim 15, wherein the bone
implant further comprises a mandrel that locks the shape
changing cage in it the first shape.

25. The bone healing method of claim 24, wherein the
mandrel comprises a bone cutting insertion tip that 1s used
during the step of positioning the bone implant.

26. The method of claim 24, wherein the step of mechani-
cally activating the bone implant comprises unlocking the
cage by removing the mandrel from the implant, wherein

(a) unlocking the cage allows the cage to change 1ts shape;
and

(b) the change 1n shape of the cage
(1) pulls together the first segment and the second bone

segment,

(11) compresses the first bone segment and the second
bone segment at the bone healing interface, and

(111) maintains the first bone segment and the second

bone segment at the bone healing interface while the
first bone segment and the second bone segment
heal.

27. The bone healing method of claim 24, wherein the
shape changing cage comprises nitinol.

28. The bone healing method of claim 24, wherein the
shape changing cage comprises a material selected from the
group consisting ol shape memory metals, elastic biocom-
patible metals, elastic biocompatible polymers, and combi-
nations thereof.

29. The bone healing method of claim 24, wherein the
shape changing cage comprises a material selected from the
group consisting of stainless steel, titanium, and combina-
tions thereof.

30. The bone healing method of claim 24, wherein the
shape changing cage comprises a material selected from the
group consisting of polyether ether ketone (PEEK), poly
cthylene, and combinations thereof.

31. A bone healing method comprising the steps of:

(a) selecting a bone implant, wherein the bone implant

comprises at least one bone scaffold feature;

(b) positioning the bone implant in a position to pull a first
bone segment and a second bone segment together and
to compress the first bone segment and the second bone
segment at a bone healing interface, wherein, during
the step of positioning
(i) the bone implant is locked in a first shape,

(ii) the bone implant applies no mechanical force to
pull the first bone segment and the second bone
segment together, and

(iii) the bone implant applies no mechanical force to
compress the first bone segment and the second bone
segment at the bone healing interface; and

(c) after the bone implant is positioned, mechanically
activating the bone implant by unlocking the bone
implant and releasing the bone implant from the first
shape to a second shape that is diffevent from the first
shape, wherein
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(i) the bone implant pulls together the first bone seg-
ment and the second bone segment,

(i) the bone implant compresses the first bone segment
and the second bone segment at the bone healing
interface, and 5

(ii) the bone implant maintains the first bone segment
and the second bone segment at the bone healing
interface while the first bone segment and the second
bone segment heal, wherein the bone scaffold feature
conducts bone through the bone implant and across 10
the healing bone interface while the first bone seg-
ment and the second bone segment heal.
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