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THERMOPLASTIC MULTILAYER ARTICLE

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Patent Application No. 61/524,046,

filed August 16, 2011, which is incorporated herein by reference in its entirety.
FIELD OF THE INVENTION

[0002] The present invention generally relates to multilayer articles. More particularly, the
present invention relates to multilayer articles suitable for implantation into a patient. Some
embodiments of the invention relate to multilayer articles having one or more thermoplastic layers
and one or more base layers. Further embodiments of the invention relate to methods for making

multilayer articles.
BRIEF SUMMARY OF THE INVENTION

[0003] Insome embodiments, a multilayer article includes a thermoplastic layer having a first
surface and a second surface opposite the first surface and a base layer have a first base surface and a
second base surface opposite the first base surface, wherein the first base surface of the base layer is
permanently bonded to the second surface of the thermoplastic layer, wherein the thermoplastic layer
has a first glass transition temperature, Tgl, and wherein the multilayer article is rigid at temperatures
less than TgI and is flexible at temperatures greater than Tg]. In some embodiments, the first base
surface of the base layer is adjacent to the second surface of the thermoplastic layer. In some
embodiments, the multilayer article includes a plurality of thermoplastic layers and plurality of base
layers arranged in alternating layers. In further embodiments, the multilayer article includes an
interlayer, for example, a diamond-like carbon layer, positioned between the thermoplastic layer and

the base layer.

[0004] In some embodiments, the thermoplastic layer is made from a material independently
selected from the group consisting of: polyethylene terephthalate, polycaproamides,
polytrimethylene carbonates, polyglycolide-co-trimethylene carbonates, poly(PBA-carbonates),
poly(beta-hydroxybutyrate), polyhydroxybutyrate-hydroxyvaleric acids, and combinations thereof.

In some embodiments, the thermoplastic layer is made from a material comprising a material
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selected from the group consisting of: polyethylene terephthalate, polycaproamides,
polytrimethylene carbonates, polyglycolide-co-trimethylene carbonates, poly(PBA-carbonates),

poly(beta-hydroxybutyrate), polyhydroxybutyrate-hydroxyvaleric acids, and combinations thereof.

[0005] In some embodiments, the base layer is made from a biocompatible metallic material. In
some embodiments, the biocompatible metallic material is independently selected from the group
consisting of: titanium, titanium alloys, cobalt-chrome alloys, cobalt-chrome-molybdenum alloys,

molybdenum alloys, tantalum, nitinol, GUMMETAL®), stainless steel and spring steel.

[0006] In other embodiments, the base layer is made from a second thermoplastic material having
a second glass transition temperature, TgH, which is at least 50 °C higher than Tgl. In some variations
of these embodiments, the second thermoplastic material is independently selected from the group
consisting of: polycarbonate, polyaryl ether ketone, polyether ether ketone, polyether ketone ketone,
fiber reinforced polyether ether ketone and fiber reinforced polyether ketone ketone, and
combinations thereof. In some embodiments, an interface between the molten thermoplastic

material and second thermoplastic material forms a contact angle of less than 5°.

[0007] In some embodiments, a multilayer article of the present invention has a thickness ranging
from 0.1 mm to 3.0 mm. In some embodiments, the multilayer article has a thickness ranging from

0.1 mm to 1.5 mm.

[0008] In some embodiments, the present invention includes a bone plate made from a multilayer
article. In other embodiments, the present invention includes, a thermally releasing spring element

having a coil spring shape made from a multilayer article.

[0009] A method to form a multilayer article according to some embodiments of the present
invention includes the steps of: (a) providing a base layer have a first base surface and a second base
surface opposite the first base surface, the base layer having a thickness ranging from 0.5 mm to 0.01
mm,; and (b) applying a thermoplastic layer to the first base surface of the base layer, the
thermoplastic layer having a first glass transition temperature, Tgl. In some embodiments, the
method further includes repeating step (a) to form a multilayer article of at least ten alternating
layers of the thermoplastic layer and the base layer. In some embodiments, the method includes

applying heat and/or pressure to the layers. In one embodiment, the layers are heated to at least 200
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°C for at least 1 minute to permanently affix the thermoplastic layers to the surface of the base layer.
In one embodiment, the layers are heated to at least 10 °C higher than the melting temperature T, of
the thermoplastic for at least 1 minute to permanently affix the thermoplastic layers to the surface of
the base layer. In some embodiments, the multilayer article is rigid at temperatures less than TgI and

is flexible at temperatures greater than Tgl.

[0010] In some embodiments, base layer is made from a biocompatible metallic material. In other
embodiments, the base layer includes a second thermoplastic material having a second glass

transition temperature, Tgu, which is at least 50 °C higher than Tgl.

[0011] In some embodiments, a method according to the present invention further includes
coating the surface of the biocompatible metallic material with diamond like carbon to form a
diamond like carbon interlayer positioned between the thermoplastic layer and the base layer. In
further embodiments, the method also includes activating the diamond like carbon layer with oxygen

plasma.

[0012] In some embodiments, a method according to the present invention further includes
cooling the multilayer article, and shaping the multilayer article to form a deformable implant. In

other embodiments, the method includes rolling the multilayer article to form a coil spring shape.

[0013] A method for securing a plurality of bone fragments according to one embodiment, the
steps of: providing a laminate plate including: alternating layers of a thermoplastic layer and a base
layer, the thermoplastic layer having a first surface and a second surface opposite the first surface
and the base layer have a first base surface and a second base surface opposite the first base surface,
wherein the first base surface of the base layer is adjacent to and permanently bonded to the second
surface of the thermoplastic layer, wherein the thermoplastic layer has a first glass transition
temperature, Tg'; and wherein the multilayer article is rigid at temperatures less than TgI and is
flexible at temperatures greater than Tgl. In some embodiments, the method further includes heating
the laminate plate to a temperature greater than TgI to deform the laminate plate, wherein the
laminate plate is deformable in at least one direction; and securing the deformed laminate plate to the
plurality of bone fragments. In some embodiments, the method includes repeating the heating step a

plurality of times.
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In another embodiment, the method further includes providing a thermally releasing spring element
including a coiled multilayer article of alternating layers of a layer of thermoplastic material and a
base layer, the thermoplastic layer having a first surface and a second surface opposite the first
surface and the base layer have a first base surface and a second base surface opposite the first base
surface, wherein the first base surface of the base layer is adjacent to and permanently bonded to the
second surface of the thermoplastic layer, wherein the thermoplastic layer has a first glass transition
temperature, Tgl, and wherein the multilayer article is rigid at temperatures less than TgI and is
flexible at temperatures greater than T,'. In some embodiments, a method includes heating the
thermally releasing spring element to a temperature greater than Tg’; and inserting the thermally
releasing spring element into holes within the deformed laminate plate to secure the deformed
laminate plate to the plurality of bone fragments. In some embodiments, a method includes inserting
the thermally releasing spring element into a cavity; and heating the thermally releasing spring
element to a temperature greater than Tg], wherein heating the thermally releasing spring element

causes the multilayer to at least partially uncoil in the cavity.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The foregoing summary, as well as the following detailed description of the invention, will
be better understood when read in conjunction with the appended drawings. For the purpose of
illustrating the invention, there are shown in the drawings embodiments which are presently
preferred. It should be understood, however, that the invention can be embodied in different forms

and thus should not be construed as being limited to the embodiments set forth herein.

[0015] FIG. 1 shows a cross-sectional view of a multilayer article according to one embodiment of

the invention;

[0016] FIG. 2 shows a cross-sectional view of a multilayer article according to another

embodiment of the invention;

[0017] FIG. 3 shows a cross-sectional view of multilayer article according to yet another

embodiment of the invention;
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[0018] FIG. 4A shows a plan view of an example bone plate in accordance with an embodiment of

the present invention;

[0019] FIG. 4B shows a perspective view of an example bone plate in accordance with an

embodiment of the present invention positioned on a human cranium;

[0020] FIG. 5 shows a cross-sectional view of an example thermally releasing spring element in

accordance with an embodiment of the present invention; and

[0021] FIGS. 6A and 6B show an example internal distractor incorporating a thermally releasing

spring element in accordance with an embodiment of the present invention.
DETAILED DESCRIPTION OF THE INVENTION

[0022] The present subject matter will now be described more fully hereinafter with reference to
the accompanying Figures and Examples, in which representative embodiments are shown. The
present subject matter can, however, be embodied in different forms and should not be construed as
limited to the embodiments set forth herein. Rather, these embodiments are provided to describe and
enable one of skill in the art. All publications, patent applications, patents, and other references

mentioned herein are incorporated by reference in their entirety.

[0023] A multilayer article according to one exemplary embodiment of the invention is broadly
illustrated in FIG. 1. Referring to FIG. 1, multilayer article 100 includes first thermoplastic layer
110 having first surface 112 and second surface 114 opposite first surface 112. Multilayer article
100 further includes base layer 120 having first surface 122 and second surface 124 opposite first
surface 122. In the embodiment shown, first surface 122 of base layer 120 is adjacent to and abuts
second surface 114 of thermoplastic layer 110. In certain embodiments, first surface 122 of base
layer 120 is affixed to second surface 114 of thermoplastic layer 110. In certain embodiments, first
surface 122 is permenantly adhered to second surface 114, for example, by chemical bonds between

first surface 122 and second surface 114.

[0024] First surface 122 and second surface 114 may be substantially isometric in at least one
dimension. In some embodiments, first surface 122 and second surface 114 have substantially the

same length. In some embodiments, first surface 122 and second surface 114 have substantially the
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same width. In some embodiments, first surface 122 and second surface 114 are substantially
congruent. In some embodiments, first surface 122 and second surface 114 have substantially equal
areas. While thermoplastic layer 110 and base layer 120 are shown in FIG. 1 as having substantially
equal thicknesses, it should be understood that thermoplastic layer 110 and base layer 120 may have
different thicknesses according to other embodiments of the invention. For example, thermoplastic
layer 110 may have a thickness greater than the thickness of base layer 120 in one embodiment. In
another embodiment, thermoplastic layer 110 may have a thickness less than the thickness of base
layer 120. For purposes of this application, “substantially” means plus or minus 10% of the

referenced dimension.

[0025] In some embodiments, thermoplastic layer 110 may have a thickness ranging from: 1 mm
t0 0.01 mm; 1 mm to 0.1 mm; 1 mm to 0.5 mm; and 0.5 mm to 0.01 mm. In other embodiments,
thermoplastic layer 110 may have a thickness of: less than 1 mm; less than 0.5 mm; or less than 0.1
mm. In some embodiments, the thermoplastic layer 110 may have a minimum thickness of about
0.01 mm. In some embodiment, base layer 120 may have thickness ranging from: 0.5 mm to 0.01
mm; 0.5 mm to 0.1 mm; 0.5 mm to 0.3 mm; and 0.3 mm to 0.01 mm. In another embodiment, base
layer 120 may have thickness of: less than 0.5 mm; less than 0.3 mm; or less than 0.1 mm. In some
embodiments, the base layer 120 may have a minimum thickness of about 0.01 mm. In certain
embodiments, the thickness of thermoplastic layer 110 is chosen so it retains its shape during

deformation and the thickness of base layer 120 is chosen so it is bendable.

[0026] FIG. 2 shows a multilayer article according to another exemplary embodiment of the
invention. Referring to FIG. 2, multilayer article 200 includes first thermoplastic layer 210 having
opposing first and second surfaces 212 and 214, and first base layer 220 having opposing first and
second surfaces 222 and 224. Thermoplastic layer 210 is affixed to base layer 220 by at least one
interlayer 230 positioned between thermoplastic layer 210 and base layer 220. In some
embodiments, interlayer 230 may be permanently bonded to both first surface 222 of base layer 220
and second surface 214 of thermoplastic layer 210. For example, in one embodiment, interlayer 230
is chemically bonded to first surface 222 and/or surface 214. In one embodiment, interlayer 230 is

covalently bonded to first surface 222 and/or surface 214.

[0027]  As with first surface 122 and second surface 114, of the embodiment shown in FIG. 1, and

first surface 222 of base layer 220 and second surface 214 of thermoplastic layer 210, of the
6
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embodiment shown in FIG. 2, may be substantially congruent, have the same surface area, and/or be
substantially isometric in at least one dimension. In one embodiment, first surface 222 and second
surface 214 have substantially the same length and/or width. In some embodiments, the thickness of
thermoplastic layer 210 may be the same as or different than the thickness of base layer 220. In
further embodiments, interlayer 230 may have thickness that is less than the thickness of
thermoplastic layer 210 or the thickness of base layer 220. Thermoplastic layer 210 and base layer
220 may have any of the thicknesses as described above for thermplastic layer 110 and base layer
120.

[0028] A multilayer article according to other embodiments of the invention can have a plurality
of thermoplastic layers and/or base layers. In some preferred embodiments, the thermoplastic layers
and base layers are configured in alternating arrangement. In one embodiment, for example, a
multilayer article includes a base layer positioned between and attached to two distinct thermoplastic
layers. In another embodiment, a multilayer article includes a thermoplastic layer positioned
between and attached to two separate base layers. In some embodiments, a multilayer article
includes at least two thermoplastic layers. In certain embodiments, a multilayer article includes
multiple thermoplastic layers ranging from: 2 to 10 layers; 2 to 50 layers; 5 to 50 layers; 10 to 50
layers; 20 to 50 layers; 30 to 50 layers; and 40 to 50 layers. In certain embodiments, a multilayer
article includes: up to 10 double layer units; up to 20 double layer units; up to 30 double layer units;
up to 40 double layer units; and up to 50 double layer units, wherein a double layer unit refers to a

thermoplastic layer coupled to a base layer, for example, as shown in FIGS. 1 and 2.

[0029] FIG. 3 shows an exemplary multilayer article having a plurality of thermoplastic layers and
base layers in accordance with an embodiment of the present invention. Referring to FIG. 3,
multilayer article 300 includes first thermoplastic layer 310 having opposing first and second
surfaces 312 and 314, first base layer 320 having opposing first and second surfaces 322 and 324,
second thermoplastic layer 330 having opposing first and second surfaces 332 and 334, and second
base layer 340 having opposing first and second surfaces 342 and 344. First base layer 320 is
positioned between first and second thermoplastic layers 310 and 330, and second thermoplastic
layer 330 is positioned between first and second base layers 320 and 340. As shown in this
embodiment, first surface 322 of first base layer 320 is affixed to second surface 314 of first

thermoplastic layer while second surface 324 of first base layer 320 is affixed to first surface 332 of
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second thermoplastic layer 330. Moreover, second surface 334 of second thermoplastic layer is

affixed to first surface 342 of second base layer 340.

[0030] The thermoplastic layers of the multilayer articles according to certain preferred
embodiments of the present invention are composed of biocompatible polymer materials that
become deformable when heated above their glass transition temperatures (Tg). In some
embodiments, the biocompatible polymer materials are selected to be substantially rigid at
temperatures below their Tg. In some embodiments, the material for the thermoplastic layers is
selected to have a Tg in the range of about 35 °C to about 90 °C. In some embodiments, the material
for the thermoplastic layers is selected to have a Tg in the range of about 35 °C to about 80 °C. In
some embodiments, the material for the thermoplastic layers is selected to have a Tg in the range of
about 35 °C to about 70 °C. In some embodiments, the material for the thermoplastic layers is
selected to have a Tg above average human body temperature. In some embodiments, the material

for the thermoplastic layers is selected to have a Tg above 37 °C.

[0031] In some embodiments, the material for the thermoplastic layer is selected so that it is
elastic at temperatures greater than its Tg. In some embodiments, the material for the thermoplastic
layer is selected to have a melting point below the melting point of the base layer material. In some
embodiments, the material for the thermoplastic layer is selected to have a melting point less than
300 °C. In some embodiments, the material for the thermoplastic layer is selected to have a melting
point less than 200 °C. In some embodiments, the material for the thermoplastic layer is selected to
have a melting point greater than Tg + 20 °C. In some embodiments, the material for the
thermoplastic layer is selected to have a melting point greater than Tg + 30 °C. In some
embodiments, the material for the thermoplastic layer is selected to have a melting point greater than
Tg + 40 °C. In some embodiments, the material for the thermoplastic layer is selected to have a

melting point greater than Tg + 50 °C.

[0032] In some embodiments, the material for the thermoplastic layer is selected from non-
resorbable polymers. In some embodiments, the thermoplastic layer may be made from a material
independently selected from: polyethylene terephthalate, polycaproamides, poly(alpha-hydroxy
esters), polycaprolactones, polytrimethylene carbonates, polyglycolide-co-trimethylene carbonates,
poly(PBA-carbonates), poly(beta-hydroxybutyrate), polyhydroxybutyrate-hydroxyvaleric acids, and

combinations thereof.
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[0033] Certain materials may be unsuitable for the thermoplastic layer according to certain
embodiments including resorbable polymers that undergo biodegradation (through the action of
water and/or enzymes to be chemically degraded) over a period of time. Examples of resorbable
polymers include polylactic acid and its variants, water soluble polymers such as polyvinyl alcohols.
Other examples of materials unsuitable for the thermoplastic layer according to certain embodiments
include polylactides, poly(alpha-hydroxy esters), poly-L-lactide, poly-DL-lactide, poly-L-lactide-co-
DL-lactide, polyglycolic acids, polyglycolide, polylactic-co-glycolic acids, polyglycolide-co-lactide,
polyglycolide-co-DL-lactide, and polyglycolide-co-L-lactide.

[0034] In certain embodiments wherein a multilayer article includes more than one thermoplastic
layer, for example as shown in FIG. 3, two or more of the thermoplastic layers may be made of the
same or different materials. In other embodiments, each of the thermoplastic layers in a multilayer

article is made of the same material.

[0035] The base layers of the multilayer articles according to certain preferred embodiments of the
present invention are composed of flexible and/or deformable sheets. In some embodiments, the
base layers include flexible and/or deformable foils. In some embodiments, the material for the base
layer is selected to exhibit flexural rigidity wherein Young's Modulus, E, is greater than 1 GPa. In
some embodiments, the material for the base layer is selected to have a tensile strength greater than
20 MPa. In some embodiments, the material for the base layer is selected to have an elongation to

failure value greater than 10 %.

[0036] In some embodiments, the base layer is made from a biocompatible metallic material. In
some embodiments, the base layer is made from a material substantially resistant to corrosion when
implanted in a patient. In some embodiments, the base layer is in the form of a metallic foil. In
some embodiments, the base layer may be made from titanium, titanium alloys, cobalt-chrome
alloys, cobalt-chrome-molybdenum alloys, molybdenum alloys, tantalum, nitinol, GUMMETAL®,
stainless steel, or spring steel such as tempered spring steel. Certain materials may be unsuitable for
the base layer according to certain embodiments including biodegrading alloys such as Mg, Fe, Ca,

alloys exhibiting stress-corrosion cracking or embrittlement or corroding metals such as Mg or Fe.

[0037] In other embodiments, the base layer is made from a high-strength biocompatible polymer

material. In such embodiments, the high-strength biocompatible polymer material may have a

9
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tensile strength of at least 90 MPa. In some embodiments, the base layer is made from a polymer
resistant to corrosion or degradation when implanted in a patient. In embodiments wherein the base
layer is made from a polymer material, preferably the material of the base layer has a glass transition
temperature at least 50 °C higher than the Tg of the material selected for the thermoplastic layer. In
some embodiments, the base layer may be made from a material selected from the group consisting
of: polycarbonate, polyaryl ether ketone, polyether ether ketone, polyether ketone ketone, fiber

reinforced polyether ether ketone and fiber reinforced polyether ketone ketone.

[0038] In some embodiments, for example as shown in FIG. 2, a multilayer article according to
the present invention includes an interlayer between a thermoplastic layer and a base layer. In some
embodiments, the interlayer aids in joining the thermoplastic layer and the base layer. In some
embodiments, the interlayer contains different surface characteristics than the base layer, for
example, having higher wettability and/or adhesion to the thermoplastic layer. In some
embodiments, the interlayer demonstrates higher hydrophilicity than the base layer. In some
embodiments, the interlayer may be subjected to surface activation to further enhance bonding with
the thermoplastic layer. In preferred embodiments, the material of the thermoplastic layer

demonstrates a contact angle of about 5° or less at the interface with the interlayer.

[0039] In some embodiments, the interlayer includes a diamond-like carbon (DLC) coating which,
for example, is applied to a surface of a base layer to which a thermoplastic layer is to be affixed. In
some embodiments, the DL.C coating can be subjected to surface activation. In some embodiments,

the DLC coating is subjected to oxygen plasma treatment.

[0040] In some embodiments, the interlayer includes materials with surface groups which may be
activated by oxygen plasma. In such embodiments, materials include polymeric materials resulting
from the deposition of organometallic alkoxide materials including titanium tetracthoxide, titanium
tetra-n-propoxide, titanium tetraisopropoxide, titanium tetra-n-butoxide and titanium tetra-t-
butoxide. In other such embodiments, materials include amorphous silicon carbide layers resulting
from deposition of tetramethylsilane, hexamethyldisilazane and hexamethyldisiloxane. In some

embodiments, the interlayer includes chemical primers, for example, silanes.

[0041] Multilayer articles of certain preferred embodiments of the invention are designed to be

substantially rigid at a first state and substantially deformable in a second state. In particular, the

10
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multilayer articles according to some embodiments become deformable when heated to a
temperature above the Tg of their thermoplastic layers. At temperatures below Tg, in these
embodiments, the thermoplastic layers remain substantially rigid thereby preventing the base layer(s)
affixed thereto from deforming. When the temperature of the thermoplastic layers is higher than Tg,
the thermoplastic layers become deformable, which also permits deformation of the base layer(s)
affixed thereto. Preferably the transition from the substantially rigid state to the substantially
deformable state of the multilayer articles is reversible, for example, such that the multilayer article
becomes substantially rigid again once cooled to a temperature below Tg and retaining changes in
shape imparted onto multilayer article in the deformable state. For the purpose of this application,
substantially deformable means bendable by a force less than 200 N. For the purpose of this

application, substantially rigid means not bendable by a force of at least 210 N.

[0042] The ability of the multilayer article to reversibly transition from a substantially rigid state
to a substantially deformable state is particularly advantageous, in some embodiments, for use in
producing customizable surgical implants. In some embodiments, the multilayer article of the
present invention may be used to construct bone plates. The bone plates may have any general shape
known in the art suitable for bone fixation, osteosynthesis, compression and/or bone fusion.
Exemplary bone plates include one-dimensional bone plates. In some embodiments, the bone plates
may have a generally linear or longitudinal configuration, for example as shown in U.S. Patent
Application Publication No. US 2003/0004515 A1, which is incorporated herein by reference in its
entirety. Other exemplary bone plates that may be constructed from the multilayer articles of the
present invention can be found in U.S. Patent Application Publication No. US 2008/0009872 A1,
which is incorporated herein by reference in its entirety. In some embodiments, the bone plates

constructed from the multilayer articles of the present invention are non-resorbable.

[0043] A bone plate constructed from a multilayer article according to certain embodiments of the
present invention can be substantially rigid at body temperature (e.g., about 37 °C) but be deformed
when heated to a temperature above Tg. In some embodiments, the bone plate may be heated to a
temperature above Tg through exposure to a hot water bath, hot plate, irradiation, heat lamp, or other
heat source known in the art. Accordingly, after heating to a temperature above Tg, the bone plate

can be shaped or contoured to match a patient’s specific anatomy. After cooling the bone plate to a

11
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temperature below Tg, the bone plate returns to a substantially rigid state while retaining the shape

or contour to match the patient’s anatomy.

[0044] FIGS. 4A and 4B show an example bone plate 400 in accordance with an embodiment of
the present invention. Bone plate 400 includes one or more biocompatible thermoplastic layers and
one or more biocompatible base layers in accordance with embodiments described herein. In some
embodiments, bone plate 400 defines one or more holes 460. In some embodiments, holes 460 are
configured to receive a fastener therein, such as a bone screw, in order to secure bone plate 400 onto
a surface. Holes 460 may or may not be countersunk. In the embodiment shown, holes 460 are
substantially circular. In other embodiments, holes 460 may have any other shape or configuration
known in the art. In some embodiments, bone plate 400 further defines one or more elongated slots
470 as shown. In some embodiments, holes 460 and/or elongated slots 470 extend through the entire

thickness of bone plate 400 and may be formed by drilling through the layers.

[0045] According to some embodiments, bone plate 400 is substantially rigid at temperatures
below the Tg value of the thermoplastic layers that it is constructed from. Upon heating bone plate
400 to a temperature above Tg, bone plate 400 may be deformed into any desired shape. Referring
to FIG. 4B, for example, bone plate 400 may be contoured to conform to a patient’s cranium 450 in
one embodiment. In other embodiments, bone plate 400 may be deformed to fit upon other bones or

anatomical structures of the patient.

[0046] In another embodiment, as shown in FIG. 5, a multilayer article according to the present
invention can be configured as a thermally releasing spring element 500. In this embodiment, the
thermally releasing spring element 500 includes at least a first thermoplastic layer 510 and at least a
first base layer 520 made from an elastic material. In one embodiment, base layer 520 is made from
spring steel such as tempered spring steel. In another embodiment, base layer 520 is made from
Nitinol or GUMMETAL®. Thermoplastic layer 510 may be made from any of the thermoplastic
materials described herein. While spring element 500 is shown having a single base layer 520 and a
single thermoplastic layer 510, it should be understood that spring element 500 may have a plurality
of base layers and a plurality of thermoplastic layers as described above, for example, in alternating

arrangement.
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[0047] When heated to a temperature above Tg for the thermoplastic layer 510, the thermally
releasing spring element 500 becomes deformable and can be tensioned, for example, by coiling or
rolling. When subsequently cooled to a temperature below Tg in the coiled or rolled configuration,
the thermoplastic layer 510 because substantially rigid thereby retaining the coiled or rolled
configuration of the thermally releasing spring element 500 with the elastic base layer 520 remaining
under tension. If heated again to a temperature above Tg while unconstrained, the thermally
releasing spring element 500 will uncoil as the elastic base layer 520 returns to its initial untensioned
state. In some embodiments, the thermally releasing spring element 500 can include a central rod
550 around which the thermoplastic layer 510 and base layer 520 may be coiled. In some

embodiments, spring element 500 expands radially from central rod 550 as it uncoils.

[0048] In some embodiments, the thermally releasing spring element 500 can be used for fixation.
Such thermally releasing spring elements may expand into existing or pre-drilled cavities. In such
embodiments, the thermally releasing spring element 500 may lock an anchor in place without other
mechanical devices. In some embodiments, the thermally releasing spring elements may take the
form of an unthreaded screw. In other embodiments, the thermally releasing spring elements may
take the form of a thread screw for improved pull-out resistance. In one such embodiment, a pin
may have a thermally releasing spring wound around it which is fixed by the thermoplastic layer

until released.

[0049] FIGS. 6A and 6B illustrate another embodiment of a thermally releasing spring used in an
internal distractor 600 wherein a spring 620 is compressed and immobilized within a thermoplastic
material 610 in a first configuration shown in FIG. 6A. In one such embodiment, spring 620 is
disposed between and fixed on both ends to implant components 630 and 640. In this first

configuration, internal distractor 600 can have a first length L.1.

[0050] In some embodiments, spring 620 is made from an elastic material. In one embodiment,
spring 620 is made from spring steel such as tempered spring steel. In other embodiments, spring
620 is made from nitinol or GUMMETAL®. In some embodiments, thermoplastic material 610 at
least partially surrounds spring 620 and may be made from any of the thermoplastic materials
described herein. In some embodiments, when thermoplastic material 610 is heated to a temperature

at or above its Tg, spring 620 is allowed to expand (e.g., in an axial direction) to a second
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configuration shown in FIG. 6B. In some embodiments, internal distractor 600 in the second

configuration has a second length L2, which is greater than first length L1.

[0051] The spring 620 applies a defined force to the components 630 and 640 by virtue of the load
previously held back by the thermoplastic when internal distractor 600 transitions from the first
configuration to the second configuration. According to some embodiments, internal distractor 600
can be used in a medical implant. In some embodiments, internal distractor 600 can be used to
separate or maintain a gap between bones or bone fragments to which components 630 and 640 are
affixed. In one such embodiment, internal distractor 600 may be used in the mandible of a patient,
for example, for the purposes described in U.S. Patent No. 6,666,869, which is incorporated herein
by reference in its entirety. In one embodiment, components 630 and 640 may be bone plates or
anchors affixed to bones separated previously by osteotomy. Following osteotomy, distractor 600
can be used to slowly widen the gap between the separated bones by distraction as it expands, the
gap being filled with new bone material for correction of deformities. In some embodiments, where
internal distractor 600 is implanted, thermoplastic material 610 can be heated above Tg through the
skin, for example, by infrared radiation or inductive heating. In some embodiments, inductive

heating can be achieved by introducing a current into spring 620.

[0052] A method for making a multilayer article according to an embodiment of the present

invention includes one or more of the following steps:

[0053] a. providing a base layer;

[0054] b. optionally treating a surface of the base layer;

[0055] c¢. superimposing a thermoplastic layer onto the base layer;

[0056] d. melting the thermoplastic layer onto the base layer to form a laminate;
[0057] e. cooling the laminate; and

[0058] f.  shaping the laminate.

[0059] In some embodiments, treating the surface of the base layer includes modifying the surface

of the base layer to improve bonding with the thermoplastic layer. In some embodiments, treating
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the surface of the base layer includes modifying the surface of the base layer to improve wettability
of the base layer. In some embodiments, treating the surface of the base layer includes modifying
the surface of the base layer to increase hydrophilicity of the base layer. In some embodiments,
treating the surface of the base layer includes cleaning the surface of the base layer, for example,
using an organic solvent. In some embodiments, the surface of the base layer is treated to remove
oxides, for example, via treatment with a base, sputtering by noble gas, and/or hydrogen ion beam

exposure.

[0060] In some embodiments, treating the surface of the base layer includes surface activation, for
example, by plasma treatment. In some embodiments, plasma treatment creates reactive groups on
the surface of the base layer which are capable of forming chemical bonds with the thermoplastic
layer or an interlayer. In some embodiments, the base layer is made from a high-strength
biocompatible polymer material as discussed previously herein. In other embodiments, the base
layer is made from a biocompatible metallic material as discussed previously herein. In such
embodiments, treating the surface of the base layer includes adding an interlayer that can also be
subjected to subsequent surface activation. In some such embodiments, treating the surface of the
base layer includes providing an interlayer as discussed previously herein. Such interlayers may be
deposited onto the base layer via chemical vapor deposition, plasma assisted chemical vapor
deposition or physical vapor deposition. In some embodiments, the interlayer material includes a

DLC coating which is subjected to oxygen plasma treatment.

[0061] In such embodiments, the plasma treatment leads to formation of reactive groups, such as -
OH groups, on the hydrocarbon material, which can chemically connect to neighboring groups
located on the thermoplastic layer. In some embodiments, the base layer is treated with vacuum
oxygen plasma treatment. Exemplary conditions include radio frequency plasma at a pressure of
1:10 mbar oxygen and plasma power 20 Watts for area of 100 cm?. The plasma treatment leads to
formation of reactive groups (-OH) on the hydrocarbon material, which can chemically connect to

neighboring groups, ¢.g., a molten thermoplastic.

[0062] In some embodiments, surface activation is achieved through exposure of the base layer to
UV radiation. Such activation may break bonds within the base layer material and subsequent
desorption, leading to generation of a reactive surface. In some embodiments, the UV radiation used

to treat the base layer is selected to have a wavelength of about 10 nm to about 260 nm.
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[0063] In other embodiments, the surface of the base layer may be activated by removing an oxide
layer from the surface by treating with basic compounds, sputtering the layer with a noble gas or

hydrogen ion beam.

[0064] In some embodiments, a thermoplastic layer is superimposed onto the base layer, for
example, after the surface of the base layer has been treated or activated. In some embodiments, a
method for making a multilayer article includes preparing a stack of alternating base layers and
thermoplastic layers. In some embodiments, the stack is formed by reactive injection molding of
suitable monomers. In some embodiments, the thermoplastic layer is melted onto the base layer. In
some embodiments, melting the thermoplastic layer onto the base layer includes heating the layers
under pressure for example at temperatures of at least about 200 °C. In some embodiments, the
layers are heated under pressure using a heated press. In some embodiments, the layers are heated
under pressure using one or more heated rollers. In other embodiments, the layers are heated by

microwave heating, induction heating, IR irradiation or DC current.

[0065] In some embodiments, shaping the laminate includes cutting the laminate into a desired
final shape. In some embodiments, the laminate is shaped using water jet cutting. In some
embodiments, the laminate may be milled or drilled. In some embodiments, the laminate may be
laser cut. In some embodiments, the laminate may be shaped by bending, deforming, molding, or
rolling the laminate into a desired configuration. In some embodiments, shaping the laminate
includes rolling the laminate to form a coil spring shape. In some embodiments, the laminate is
shaped at a temperature at or above the glass transition temperature T of the thermoplastic layer. In
some embodiments, the laminate is shaped at a temperature between Ty and the melting temperature

T of the thermoplastic layer.
[0066] EXAMPLE 1

[0067] An osteosynthesis plate which becomes deformable above the glass transition temperature

of polyethylene terephthalate (PET) was fabricated by the following method:

[0068] 1. The surface of a 0.05 mm thick titanium (Ti) foil was treated by coating with a DL.C
layer and subsequent surface activation with oxygen plasma. First the titanium foil was

ultrasonically cleaned in an organic solvent and then dried. The cleaned and dried titanium foil was
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placed in a vacuum system, evacuated to a base pressure of approximately 10”7 mbar. The titanium
foil was then cleaned using an argon bombardment, carried out at approximately 2-107 mbar. A
DLC layer was then deposited onto the surface of the titanium foil. The DLC layer can have a
thickness as desired, for instance less than approximately 10 um. The DLC layer was deposited onto
the substrate by deposition from acetylene. The DLC layer was then activated by RF discharge;
pressure 1-10” mbar oxygen, plasma power 20 Watts for area of 100 cm?, treatment time 5 minutes.

The DLC coated Ti foil was removed from the vacuum chamber.

[0069] 2. A stack of 10 alternating layers of the DLC treated Ti foil and 0.1 mm thickness
polyethylene terephthalate (PET) foil of size 10 x 1 cm was prepared.

[0070] 3. A pressure of 1 kg/em?® was applied to the stack in a heatable press.

[0071] 4. The stack was heated to 280 °C for 1 minute to melt the PET and join the layers.
[0072] 5. The stack was cooled to room temperature and removed from the press.

[0073] 6. The resulting plate was shaped using water jet cutting.

[0074] EXAMPLE 2

[0075] A deformable cranial flap implant was produced by the following method:

[0076] 1. The surface of a 0.01 mm thick polyether ether ketone (PEEK) foil was activated by

vacuum oxygen plasma treatment.

[0077] 2. A stack of 100 iterations of the PEEK foil and 0.05 mm thick PET foil was prepared.
[0078] 3. A pressure of 10 kg/cm® was applied to the stack in a heatable press.

[0079] 4. The stack was heated to 280 °C for 3 minutes to melt the PET and join the layers.
[0080] 5. The stack was cooled to room temperature and removed from the press.

[0081] 6. The resulting plate was shaped using water jet cutting.
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[0082] It should be understood that various changes, substitutions, and alterations can be made
herein without departing from the spirit and scope of the invention as defined by the appended
claims. Moreover, the scope of the present application is not intended to be limited to the particular
embodiments of the process, machine, manufacture, and composition of matter, means, methods and
steps described in the specification. As one of ordinary skill in the art will readily appreciate from
the disclosure herein, processes, machines, manufacture, composition of matter, means, methods, or
steps, presently existing or later to be developed that perform substantially the same function or
achieve substantially the same result as the corresponding embodiments described herein may be

utilized according to the present invention.

18



WO 2013/024355 PCT/IB2012/001964

The invention claimed is:

1. A multilayer article comprising:

a thermoplastic layer having a first surface and a second surface opposite the first surface;
and

a base layer having a first base surface and a second base surface opposite the first base
surface;

wherein the first base surface of the base layer is permanently bonded to the second surface
of the thermoplastic layer, wherein the thermoplastic layer comprises a first thermoplastic material
having a first glass transition temperature, Tgl; and wherein the multilayer article is rigid at

temperatures less than T,' and is flexible at temperatures greater than T,

2. The multilayer article of claim 1, further comprising a plurality of thermoplastic layers and

plurality of base layers arranged in alternating layers.

3. The multilayer article of any of claims 1 and 2, wherein the thermoplastic layer comprises a
material selected from the group consisting of: polyethylene terephthalate, polycaproamides,
polycaprolactones, polytrimethylene carbonates, polyglycolide-co-trimethylene carbonates,
poly(PBA-carbonates), poly(beta-hydroxybutyrate), polyhydroxybutyrate-hydroxyvaleric acids, and

combinations thereof.

4. The multilayer article of any of claims 1 to 3, wherein the base layer comprises a

biocompatible metallic material.

5. The multilayer article of claim 4, wherein the biocompatible metallic material comprises a
material selected from the group consisting of: titanium, titanium alloys, cobalt-chrome alloys,
cobalt-chrome-molybdenum alloys, molybdenum alloys, tantalum, nitinol, GUMMETAL®, stainless

steel and spring steel.
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6. The multilayer article of any of claims 1 to 5, wherein the thermoplastic layer and the base
layer and permanently bonded by a diamond like carbon interlayer positioned between the

thermoplastic layer and the base layer.

7. The multilayer article of any of claims 1 to 3, wherein the base layer comprises a second
thermoplastic material having a second glass transition temperature, TgH, which is at least 50 °C

higher than Ty .

8. The multilayer article of claim 7, wherein the second thermoplastic material comprises a
material selected from the group consisting of: polyethylene terephthalate, polycarbonate, polyaryl
ether ketone, polyether ether ketone, polyether ketone ketone, fiber reinforced polyether ether

ketone, fiber reinforced polyether ketone ketone, and combinations thereof.

0. The multilayer article of any of claims 7 and 8, wherein an interface between the first
thermoplastic material when molten and the second thermoplastic material forms a contact angle of

less than 5°.

10. The multilayer article of any of claims 1 to 9 having a thickness ranging from 0.1 mm to 3.0
mm.

11. The multilayer article of any of claims 1 to 10 having a thickness ranging from 0.1 mm to 1.5
mm.

12. A bone plate made from the multilayer article of any of claims 1 to 11.

13. A thermally releasing spring element having a coil spring shape made from the multilayer

article of any of claims 1 to 11.

14. A method for forming a multilayer article comprising the steps of:
providing a base layer having a first base surface and a second base surface opposite the first

base surface;
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applying a thermoplastic layer to the first base surface of the base layer to form a multilayer
article, the thermoplastic layer having a melting temperature, Ty, and a first glass transition
temperature, Tgl;

applying pressure to the multilayer article;

heating the multilayer article to at least 10 degrees C over Ty, for at least 1 minute to
permanently affix the thermoplastic layers to the surface of the base layer, and

wherein the multilayer article is rigid at temperatures less than Tgl and is flexible at

temperatures greater than Ty,
15. The method of claim 14, wherein the base layer comprises a biocompatible metallic material.

16. The method of claim 15, further comprising the steps of:
coating the surface of the biocompatible metallic material with diamond like carbon to form a
diamond like carbon interlayer positioned between the thermoplastic layer and the base layer; and

activating the diamond like carbon layer with oxygen plasma.

17. The method of claim 14, wherein the base layer comprises a second thermoplastic material

having a second glass transition temperature, TgH, which is at least 50 °C higher than Tgl.

18. The method of any of claims 14-17, further comprising the steps of:
cooling the multilayer article, and

shaping the multilayer article to form a deformable implant.

19. The method of any of claims 14-17, further comprising the step of:

rolling the multilayer article to form a coil spring shape.

20. A method for securing a plurality of bone fragments comprising the steps of:

providing a laminate plate comprising: alternating layers of a thermoplastic layer and a base
layer, the thermoplastic layer having a first surface and a second surface opposite the first surface
and the base layer have a first base surface and a second base surface opposite the first base surface,

wherein the first base surface of the base layer is permanently bonded to the second surface of the
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thermoplastic layer, wherein the thermoplastic layer has a first glass transition temperature, Tgl; and
wherein the multilayer article is rigid at temperatures less than TgI and is flexible at temperatures
greater than Ty’

heating the laminate plate to a temperature greater than Tg] to deform the laminate plate,
wherein the laminate plate is deformable in at least one direction; and

securing the deformed laminate plate to the plurality of bone fragments.
21. The method of claim 20, wherein heating step is repeated a plurality of times.

22. A method of fixing a spring element in a cavity comprising:

providing a thermally releasing spring element, said thermally releasing spring element
comprising a coiled multilayer article of alternating layers of a thermoplastic layer and a base layer,
the thermoplastic layer having a first surface and a second surface opposite the first surface and the
base layer have a first base surface and a second base surface opposite the first base surface, wherein
the first base surface of the base layer is permanently bonded to the second surface of the
thermoplastic layer, wherein the thermoplastic layer has a first glass transition temperature, Tgl; and
wherein the multilayer article is rigid at temperatures less than TgI and is flexible at temperatures
greater than T,;

inserting the thermally releasing spring element into a cavity; and

heating the thermally releasing spring element to a temperature greater than Tgl, wherein
heating the thermally releasing spring element causes the multilayer to at least partially uncoil in the

cavity.

23. The method of claim 22, wherein the coiled multilayer article is coiled around a central rod.
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