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PEEL-AWAY SHEATH ASSEMBLY

Related Application

[0001] This application claims the benefit of priority from U.S. Provisional Application Serial
No. 62/672,212 filed May 16, 2018, the content of which is incorporated as Appendix A of this
application, and claims the benefit of priority from U.S. Provisional Application Serial No.
62/802,454 filed February 7, 2019, the content of which is incorporated as Appendix B of this

application.

Background
[0002] Mechanical circulatory support devices are often introduced to support the function of

the heart after a patient suffers a cardiac episode. In some adaptations, a heart pump is inserted
through the patient vasculature and into the heart to assist in unloading the heart. The pump
may be configured to pull blood from the left ventricle of the heart and expel it into the aorta;
or to pull blood from the inferior vena cava (IVC), bypass the right atrium and right ventricle,
and expel blood into the pulmonary artery. Some systems operate the pump by an on-board
motor, while others operate the pump with an external motor. Still other systems use an
extracorporeal pump with a long cannula that reaches through the patient vasculature and into
the heart. Other systems use pumps that do not go into the heart but remain in the aorta or other
vessel.

[0003] A mechanical circulatory support device (e.g., an intracardiac heart pump assembly), or
other medical devices, can be introduced into a patient in various ways. A common approach
is to introduce through the vascular system either surgically or percutancously during a cardiac
procedure. Forexample, a catheterization procedure may be applied through the femoral artery
using a sheath, such as a peel-away introducer sheath. In another approach, the sheath can be
inserted through axillary or subclavian insertion sites. The sheath can alternatively be inserted
in other locations, such as the femoral vein or any path for delivery of a pump for supporting
either the left or right side of the heart.

[0004] The introducer sheath can be inserted into the femoral artery through an arteriotomy to
create an insertion path for the pump assembly. A portion of the device is then advanced

through an inner lumen of the introducer sheath and into the artery. Once the device (e.g., the
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pump assembly) has been inserted, the introducer sheath is peeled away. A repositioning
sheath can then be advanced, for example, over the pump assembly and into the arteriotomy.
Replacing the introducer sheath with the repositioning sheath during insertion of a medical
device can reduce limb ischemia and bleeding at the insertion site in the skin (or at the insertion
site within the vessel) due to the improved fixation of the repositioning sheath to the patient
when used with a hemostatic valve.

[0005] Peel-away sheaths provide the advantage of creating vascular access and allowing
passage of a medical device with the option of removal of the sheath through the peeling of the
sheath into two sections, leaving the device in-dwelling. As referred to herein, a sheath can
be an introducer sheath, a repositioning sheath, or any other peel-away sheath used in
conjunction with a vascular device.

[0006] A flexible and kink-resistant introducer sheath is desirable because of the bending
forces the sheath experiences as it is introduced along an introduction path. The path follows
the sheath’s axis through a surface arteriotomy, then through tissue and then into a blood vessel.
The path is at an angle relative to the surface of the patient’s skin at the insertion site. After
reaching the blood vessel, the sheath then transitions to align with the path of the blood vessel
(e.g., femoral artery). The insertion angle may vary based on the particular patient, procedure,
and practitioner using the sheath. The blood vessel axis may vary depending on the patient and
the portion of the vasculature into which the introducer sheath is being placed. The angle
between the insertion axis and vessel axis influences the risk of sheath kinking. The angle can
range from about 15 degrees to about 75 degrees, depending on the patient and procedure
location. The higher this angle, the more likely an introducer sheath is to kink at the axial
transition. Due to any sheath having a finite length, higher insertion angles are typically
required for deeper vessels to keep a minimum desired portion of the introducer in the artery
(2 cm — 5 cm). Clinicians using ultrasound typically use high insertion angles to aid in
visualization of the access needle, ultimately causing a high angle of insertion for the sheath.
Some femoral insertions suffer from kinking with obese patients because the vessel is deeper
with respect to the insertion point. Tortuosity, especially in the iliacs, can also cause a sheath
to kink. In particular, percutancous axillary insertions, compared with femoral insertions, are
deeper and require higher insertion angles so as to avoid hitting nerve bundles in the adjacent
areas of the axillary insertion sites. Therefore, introducer sheaths used during percutancous
axillary insertions, €.g. subclavian percutaneous axillary insertions, can be more prone to kink

during insertion.
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[0007] Some techniques are known to improve kink resistance, such as adding structural
reinforcement, as done for example in some catheters. However, structural reinforcements are
normally not compatible with peel-away functionality. Preferred reinforcing materials are
generally materials with relatively high elastic moduli, or materials that can lend to the
structural reinforcement relatively high stiffnesses, e.g. metals. Due to their material
properties, these reinforcing materials also render peeling away of the device difficult or
impossible. Polymer reinforcing layers are sometimes used as structural reinforcements, but
their ability to improve kink resistance and flexibility is limited due to their inherent material
properties. Polymers, and layers constructed from polymers have much lower elastic moduli

and stiffnesses, respectively, than do metals, for example.

Summary

[0008] The systems, methods, and devices described herein provide a flexible introducer
sheath with peel-away sheath functionality that has improved resistance to kinking and
improved flexibility for introducing a vascular device, such as an intracardiac blood pump
system or other mechanical circulatory support device, into patient vasculature. An introducer
sheath with such improved functionality can be achieved in various ways, as disclosed herein.
In general, the sheath has at least two sections of differing rigidity, with one rigid section and
at least one less rigid section. The improved sheath allows for improved kink resistance. One
example configuration having at least one more rigid section and at least one less rigid section
is a sheath with an inner layer, a second reinforcing layer, and an outer layer.  One
implementation provides a multi-layer sheath structure, including a reinforcing layer
configured to have at least two discontinuities along its length. A practitioner can then apply
a peel-away force to the sheath and split the sheath along the discontinuities of the reinforcing
layer. One or more notches may be included along the sheath, which can also help peel away
the sheath. The one or more notches extend from an outermost or innermost surface of the
sheath body and penetrate through some of the sheath layers. Notches can be configured as a
succession of discrete notches or as a continuous peel-away line along a length of the sheath.
The alignment of the notches defines a peel-away line along which the practitioner peels away
the sheath. At least one advantage of notches is the ability to define lines along which the
sheath will peel away, and by aligning these lines with the discontinuities of the reinforcing
layer, the amount of force needed to peel away the sheath can be reduced.

[0009] According to a first embodiment of the disclosure, a peel-away sheath assembly for

insertion of a blood pump comprises a peel-away sheath hub and a peel-away sheath body. The
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peel-away sheath body has a proximal end portion, a distal end portion, and a middle portion,
the proximal end portion being connected to the peel-away sheath hub. The peel-away sheath
body further has an outer layer, an inner layer, and a reinforcing layer located between the inner
layer and the outer layer. The outer layer defines an outer radius of the sheath, and the inner
layer of the peel-away sheath body defines a sheath lumen having an inner radius. The inner
layer further comprises a pecl-away line. The peel-away line is configured as a radially
extending notch, and the notch extends continuously in the longitudinal direction so as to form
a line extending along the inner layer of the pecl-away sheath body. The reinforcing layer is
configured as a hypotube having two longitudinally extending c-shaped halves, forming a
circumferential discontinuity. The reinforcing hypotube has a rigidity that is greater than at
least one of a rigidity of the inner layer and a rigidity of the outer layer. The reinforcing
hypotube extends along the middle portion of the peel-away sheath body, but does not extend
into the distal end portion. The reinforcing layer may extend into the proximal end portion.
Within the proximal end portion of the peel-away sheath body, the reinforcing layer extends
proximally past a distal end of the peel-away sheath hub and terminates within the peel-away
sheath hub. In some implementations, the reinforcing layer extends about 2 centimeters
proximally past a distal end of the peel-away sheath hub. The specific longitudinal point at
which the distal end of the peel-away sheath hub terminates is selected in order to lend to the
peel-away sheath body a desired kink resistance and flexibility along the length of the peel-
away sheath body. The distal end portion of the peel-away sheath body may comprise a tapered
tip, designed to reduce trauma to the vasculature upon insertion of the peel-away sheath body

into the patient.

[0010] According to another embodiment of the present disclosure, a peel-away sheath
assembly includes a peel-away sheath hub and a peel-away sheath body. The peel-away sheath
body has a proximal end portion that is connected to the peel-away sheath hub, and a distal end
portion, together defining a first lumen extending in a longitudinal direction. In some
configurations, the distal end portion and the proximal end portion comprise different
materials. For example, the distal end portion may have an inner PEBAX layer, a stainless
steel reinforcing layer, and a TPU outer layer. The proximal end portion may have an inner
PEBAX layer and an outer TPU layer. Additionally, the inner layer materials may be different
in the distal and proximal end portions. For example, the inner layer of the distal end portion
may comprise PEBAX while the inner layer of the proximal end portion may comprise TPU,

or vice versa. Similarly, the outer layer materials may be different in the distal and proximal
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end portions. For example, the outer layer of the distal end portion may comprise PEBAX
while the inner layer of the proximal end portion may comprise TPU, or vice versa. In some
implementations, the reinforcing layer is constructed of a different material between the distal
and proximal layers. For example, the reinforcing layer may be stainless steel in the distal
portion and may be Nitinol in the proximal portion. The proximal end portion can have an
inner diameter that is equivalent to an inner diameter of the distal end portion.

[0011] According to another embodiment of the present disclosure, the peel-away sheath body
has a proximal end portion, a middle portion containing a reinforcing layer, and a distal end
portion. The proximal end portion is connected to the peel-away sheath hub. The proximal
end portion, middle portion, and distal end portion define a first lumen extending in a
longitudinal direction. In some implementations, the reinforcing layer does not extend into the
proximal end portion, and does not extend into the distal end portion. For example, the distal
end portion comprises an inner polymer layer and an outer polymer layer, the middle portion
comprises an inner polymer layer, a reinforcing layer, and an outer polymer layer, and the
proximal end portion comprises an inner polymer layer and an outer polymer layer. For
example, the distal end portion may comprise an inner PEBAX layer and an outer TPU layer,
the middle portion may comprise an inner PEBAX layer, a stainless steel reinforcing layer, and
an outer TPU layer, and the outer proximal end portion may comprise an inner PEBAX layer
and an outer TPU layer. In some implementations, the stainless steel comprises SAE 304
stainless steel. In further implementations, the PEBAX layer comprises at least one of PEBAX
3533-7233. In some implementations, the reinforcing layer extends into the proximal end
portion. In other implementations, the reinforcing layer extends into the distal end portion. In
some implementations, the reinforcing layer extends into both the distal and proximal end
portions. In some implementations, the inner diameter of the peel-away sheath body is
substantially constant throughout its length. In other implementations, a proximal end portion
of the peel-away sheath body can have an outer diameter that is less than an outer diameter of
a distal end portion. One advantage of a configuration having a proximal end portion with a
decreased outer diameter is that an operator may apply a smaller force to break the peel-away
sheath hub, as there is less material to break through.

[0012] In some configurations, the peel-away sheath body comprises an inner layer located at
an inner radius, an outer layer located at an outer radius, and a reinforcing layer located at a
radius between the inner radius and the outer radius. In certain implementations, there is a
hydrophilic coating over at least a portion of the outer layer. In some implementations, the

portion of the outer layer over which the hydrophilic coating is placed extends from the distal
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end of the peel-away sheath body to between about 5 centimeters and about 2 centimeters distal
of the proximal end of the peel-away sheath body. In other implementations, the portion of the
outer layer over which the hydrophilic coating is placed extends from the distal end of the peel-
away sheath body to between about 4 centimeters and about 3 centimeters distal of the proximal
end of the sheath body. In further implementations, the portion of the outer layer over which
the hydrophilic coating is placed extends from the distal end of the peel-away sheath body to
about 3.5 centimeters distal of the proximal end of the peel-away sheath body. The hydrophilic
coating facilitates the insertion of the peel-away sheath body into the vasculature of a patient.
As coating the entire length of the peel-away sheath body with the hydrophilic coating can
cause the peel-away sheath body to be dislodged from the aorta due to the arterial pressure
acting on the peel-away sheath body, the proximal end portion of the peel-away sheath body is
generally configured to lack the hydrophilic coating.

[0013] In some configurations, the distal and proximal end portions may comprise the same
materials in the same layers. For example, the inner layer of both the distal end portion and
the proximal end portion may comprise PEBAX, while the outer layer of both the distal end
portion and the proximal end portion may comprise TPU. In further implementations, the
middle portion comprises different materials than do the distal end portion and the proximal
end portion. In some implementations, there is only a reinforcing layer in the middle portion
of the peel-away sheath body, while there is no reinforcing layer in the distal and proximal end
portions of the peel-away sheath body. For example, the distal and proximal end portions may
have an inner PEBAX layer and an outer TPU layer, while the middle portion may have an
inner PEBAX layer, a stainless steel reinforcing layer, and an outer TPU layer. One advantage
of a configuration having a reinforcing layer only in the middle portion of the peel-away sheath
body is the relative ease of manufacture compared to configurations having a reinforcing layer
throughout the entire length of the peel-away sheath body. The absence of a reinforcing layer
in the distal end portion of the peel-away sheath body allows for easier formation of a tapered
distal tip, as the absence of the reinforcing layer allows the inner and outer layers to reflow.
The reflow of the polymer layers provides the peel-away sheath body with an increased ability
to accommodate stresses while the peel-away sheath body is bent upon introduction to or
navigation through the vasculature of a patient. The reflow process may generally be controlled
by melting the materials at different temperatures and by implementing different process set
points. Additionally, the absence of a reinforcing layer in the proximal end portion of the peel-
away sheath body helps to stabilize the injection molding process, allowing the polymer layers

of the peel-away sheath body to mold to the peel-away sheath hub with consistent properties.
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[0014] A length of the peel-away sheath body through which the reinforcing layer extends can
be adjusted in order to prevent kinking along certain portions of the peel-away sheath body.
For example, in some implementations, the reinforcing layer is absent in the distal end portion
while it is present in the middle portion. In such implementations, the reinforcing layer may
extend over a variable length of the proximal end portion of the peel-away sheath body. For
example, the proximal end of the reinforcing layer may terminate at the same longitudinal point
at which the distal end of the sheath hub terminates. In other implementations, the reinforcing
layer may extend proximally past a distal end of the peel-away sheath hub. In some
implementations, the reinforcing layer extends about 2 centimeters proximally past the distal
end of the peel-away sheath hub. In other implementations, the reinforcing layer extends about
1 centimeter proximally past the distal end of the peel-away sheath hub. The specific point at
which the reinforcing layer terminates can be selected to adjusted the kink resistance of the
sheath body along the length of the peel-away sheath body. The distal end portion of the peel-
away sheath body may comprise a tapered tip, designed to reduce trauma to the vasculature
upon insertion of the peel-away sheath body into the patient.

[0015] The reinforcing layer has material properties that advantageously lend to the peel-away
sheath assembly improved kink resistance. For example, one such physical property of the
reinforcing layer is its rigidity, which is greater than a rigidity of the inner or outer layers.
Stiffness i1s defined herein as the property of a material, measured for example by Young’s
Modulus or an elastic modulus, whereas rigidity is defined herein as the ability of an element
(c.g. a sheath) to resist deformation. As an example, the elastic modulus of the reinforcing
layer is the elastic modulus of the material of the reinforcing layer, which is higher than an
elastic modulus of the materials of the inner or outer layer materials. In some implementations,
the stiffness of the reinforcing layer material is greater than the that of either the inner or outer
layer materials. In some configurations, the stiffness of the reinforcing layer material is
between about 18 and about 12,000 times that of either the inner or outer layer materials. In
other configurations, the stiffness of the reinforcing layer material is between about 100 and
about 9,000 times that of the inner or outer layer materials. In other implementations, the
stiffness of the reinforcing layer materials is between about 75 and about 100 times that of the
inner or outer layer materials. In further implementations, the stiffness of the reinforcing layer
material is between about 400 and about 500 times that of the inner or outer layer materials. In
certain configurations, the stiffness of the reinforcing layer material is between about 1,000
and about 7,000 times that of the inner out outer layer materials. In further configurations, the

stiffness of the reinforcing layer material is about 4,000 times that of either the inner or outer
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layer materials. In some implementations, the selected geometry and thickness of the
reinforcing layer, along with the thicknesses of the inner and outer layers, can cause variations
in the relative rigidities of the reinforcing, inner, and outer layers.

[0016] In some configurations, a material of the reinforcing layer can be LCP, PEBAX,
stainless steel, Nitinol, or Kevlar. The inner layer material and the outer layer material are
thermoplastics. For example, the inner layer material and the outer layer material can be
PEBAX or TPU. The thickness of the inner layer can be between about 0.001 inches and about
0.015 inches. Further, the thickness of the outer layer can be between about 0.001 inches and
about 0.015 inches. The total wall thickness of the implementation is less than or equal to
about 0.016 inches.

[0017] The reinforcing layer advantageously provides kink resistance while also enabling the
peel-away functionality of the peel-away sheath assembly. The reinforcing layer includes at
least two discontinuities on its surface. For example, the discontinuities are slits or openings
in the surface of the reinforcing layer. Different configurations of the slits or openings can be
applied along the surface of the reinforcing layer to adjust the flexibility and kink resistance of
the peel-away sheath assembly. In some implementations, at least two discontinuities are
oriented in a direction perpendicular to the longitudinal axis of the peel-away sheath body on
the reinforcing layer surface. This alignment advantageously creates a line along a length of
the peel-away sheath body that is structurally weaker than the remainder of the peel-away
sheath body, requiring less force to pecl-away the pecl-away sheath assembly along this line.
[0018] In some implementations, the reinforcing layer is a hypotube. The hypotube is laser
cut and clectropolished to dull any sharp edges left by the laser-cutting. The laser cutting leaves
at least two discontinuities along the surface of the hypotube. In other implementations, the
reinforcing layer is a braided filament or a coiled filament. In these implementations, the braid
or coil is inherently configured with discontinuities along its surface. In further
implementations, the hypotube is configured in two c-shaped halves that extend longitudinally
along a length of the sheath body.

[0019] The length of discontinuities in the reinforcing layer is sized along the circumference
of the sheath to balance different mechanical properties of the sheath. The circumferential
length of the discontinuities must be large enough to allow notch manufacture. For example,
the discontinuities must be large enough to accommodate one of the mandrel protrusions so the
notch can be manufactured. At the same time, that circumferential length of the discontinuity
must be small enough such that the sheath resists buckling or kinking during insertion. As

such, there is a critical size of the circumferential discontinuities, also called a critical gap
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width, as only within a range of discontinuity length does the sheath retain all of the above
advantageous properties. In some implementations, the critical gap width may range between
about 0.1 and about 1.5 millimeters.

[0020] In further implementations, a series of discontinuities is configured along the surface
of the reinforcing layer. In some implementations, the discontinuities are parallel to each other.
In some implementations, the discontinuities lie at varying angles with respect to the surface
of the reinforcing layer, such that the discontinuities are not parallel or evenly spaced. In some
implementations, each discontinuity has the same length along the circumference of the sheath.
Alternatively, discontinuities can have a variable length along the circumference of the peel-
away sheath body. In some implementations, the discontinuities are evenly spaced along a
length of the peel-away sheath body. In other examples, the discontinuities are variably spaced
along the length of the reinforcing layer, to vary properties of the peel-away sheath assembly
along a length of the peecl-away sheath body. For example, the distance between two
consecutive discontinuities may be smaller in the proximal end portion of the peel-away sheath
body, such that the proximal end portion of the peel-away sheath body has a higher flexibility
relative to the distal end portion of the peel-away sheath body. In other examples, the distance
between the two consecutive discontinuities may be larger in the proximal and distal end
portions of the peel-away sheath body, and smaller towards the middle of the length of the
peel-away sheath body. In such examples, the distal and proximal end portions of the peel-
away sheath body have increased kink resistance relative to the middle of the length of the
peel-away sheath body, and the middle of the length of the peel-away sheath body has increased
flexibility relative to the distal and proximal end portions of the peel-away sheath body. In
other examples, the discontinuities lie on the surface of the reinforcing layer at an angle, such
that the surface cross-section of the sheath passing through the slit is elliptical. Varying
discontinuity configurations along the surface of the reinforcing layer lend to the sheath
different flexibilities and kink resistances. Additionally, different discontinuity configurations
can accommodate different peel-away lines on the peel-away sheath body.

[0021] The discontinuities may comprise a first set and a second set of discontinuities, wherein
each discontinuity in each set of discontinuities has a center. The centers of the first set of
discontinuities define a first discontinuity axis, and the centers of the second set of
discontinuities define a second discontinuity axis. The first discontinuity axis and the second
discontinuity axis may be offset by an angle along the circumference of the reinforcing layer.
The angle by which the first and second discontinuity axes are offset may range from about 0

degrees to about 180 degrees. In some configurations, the discontinuities can be slits that
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extended along a circumference of the reinforcing layer. Depending on the number of
discontinuities at a given longitudinal location on the sheath, the reinforcing layer comprises a
plurality of arc-shaped segments separated by discontinuities. In certain implementations, the
arc-shaped segments are two c-shaped halves.

[0022] In addition to the circumferential discontinuities, the reinforcing layer may have a series
of openings extending around the circumference of the reinforcing layer. The openings may be
circular, elliptical, thomboidal, or, generally, any other shape that allows for the reflow of the
inner and outer layers through the openings. The openings may form a ring around the
circumference of the reinforcing layer at a fixed longitudinal point. In some implementations,
there is a ring of openings around the circumference of the hypotube at regular intervals along
the length of the hypotube. For example, there may be a ring of openings every 1.2 inches
along the length of the reinforcing layer. In other implementations, the ring of openings may
extend around the circumference of the reinforcing layer every 0.6 inches along the length of
the reinforcing layer. In certain implementations, the ring of openings may extend around the
circumference of the reinforcing layer every 0.75 inches along the length of the reinforcing
layer. In further implementations, the ring of openings may extend around the circumference
of the reinforcing layer every 1.05 inches along the length of the reinforcing layer. In other
implementations, the ring of openings may extend around the circumference of the reinforcing
layer every 0.9 inches along the length of the reinforcing layer. Each opening in each ring of
openings may have a range of surface arcas. For example, in some implementations, cach
opening has a surface area of between about 5 and about 25 square millimeters. In other
implementations, the surface arca of ecach opening is between about 10 and about 20 square
millimeters. In certain implementations, the surface area of each opening is about 15 square
millimeters. At least one advantage of the incorporation of the circumferentially extending
series of openings along the length of the reinforcing layer allows reflow of the inner and outer
layers through the openings, providing greater adherence of the inner and outer layers to each
other.

[0023] As noted above, the reinforcing layer can be formed of a hypotube, a braided filament,
or a coiled filament. In one implementation where the reinforcing layer is formed of a braided
filament, the braided filament has a flat cross-section with a height between about 0.0005
inches and about 0.007 inches and a width between about 0.005 inches and about 0.060 inches.
The braided filament can altemnatively have a round cross-section with a diameter between
about 0.0005 inches and about 0.007 inches. The braided filament can comprise multiple

strands, and the braided filament can have a picks-per-inch (PPI) between about 7 and about
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60. In another implementation where the reinforcing layer is formed of a coiled filament, the
coiled filament has a flat cross-section with a height between about 0.0005 inches and about
0.007 inches and a width between about 0.005 inches and about 0.060 inches. The coiled
filament can alternatively have a round cross-section with a diameter between about 0.0005
inches and about 0.007 inches. The coiled filament can comprise multiple strands, and the
coiled filament can have a wraps-per-inch (WPI) of about 16 to about 75. At least one
advantage of a reinforcing layer formed of a coiled or braided filament is the presence of gaps
between each wrap or weave of the filament, which (similar to discontinuities of a hypotube
reinforcing layer) reduces the amount of force needed to peel-away the reinforcing layer and
the sheath as a whole. Further, larger gaps between each wrap or weave of the filament allow
for greater sheath flexibility. At least one advantage of the braided or coiled filament is the
ability to adjust a size of the gaps, i.¢. select a wraps-per-inch, or a size of the gaps between the
braid filaments, for different applications while being able to use the same manufacturing
process for the reinforcing layer.

[0024] The rigidity or flexibility of the peel-away sheath assembly may be adjusted based on
the incorporation of the reinforcing layer in all or some parts of the peel-away sheath body. In
some implementations, the reinforcing layer comprises circumferential discontinuities, which
may be slits or openings, along its surface. For example, in some implementations, there is no
reinforcing layer in a portion of the peel-away sheath body but, instead, the peel-away sheath
body relies on partial reinforcement in select areas along its length for its kink resistance. Some
implementations have a less rigid distal sheath (e.g., with no distal reinforcing layer) with a
more rigid proximal or mid sheath (¢.g., with a reinforcing layer). Other implementations have
a less rigid proximal sheath (e.g., with no proximal reinforcing layer) with a more rigid distal
or mid sheath (e.g., with a reinforcing layer). For example, the distal end portion of the peel-
away sheath body may be designed with no reinforcing layer while the proximal or middle
sections would have a reinforcing layer. At least one advantage of the absence of a reinforcing
layer in the distal section of the peel-away sheath body is that it allows for the easier formation
of a tapered tip, as the inner and outer layers can reflow more easily without the inclusion of
the reinforcing layer. In other examples, the proximal end portion has three layers including a
reinforcing layer, while the distal end portion has only an inner layer of a first layer material
and an outer layer of an outer layer material. The inner layer material and the outer layer
material can be at least one of PEBAX or TPU. In some implementations where the distal end
portion lacks a reinforcing layer, the inner layer and the outer layer comprise the same inner

and outer material. However, the inner and outer layers can also be of different materials. For
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example, the inner layer can be PEBAX and the outer layer can be TPU. In other
implementations, there is no reinforcing layer in the proximal end portion of the sheath but it
is included in the middle, distal end portion, or both. In further implementations, there is no
reinforcing layer in a middle portion of the sheath, but such a layer is included in the proximal
end portion, distal end portion or both. In further implementations, the reinforcing layer is
present in alternating segments of the sheath. At least one advantage of a partial reinforcing
layer is that the sheath can have different rigidities along its length, e.g., in its proximal and
distal end portions, to help with sheath insertion. For example, a lower rigidity in the distal
end portion advantageously minimizes trauma to the vasculature. As another example, a higher
rigidity in the proximal end portion advantageously preserves kink resistance for the peel-away
sheath body by varying the rigidity. Varying the stiffness of the materials of the layers of the
peel-away sheath body, and in turn varying the rigidity of portions of the peel-away sheath
body can change the rigidity of the peel-away sheath assembly as a whole, for example to
facilitate kink resistance.

[0025] As discussed previously, a length of the peel-away sheath body through which the
reinforcing layer extends can be adjusted in order to prevent kinking along certain portions of
the peel-away sheath assembly. For example, in some implementations, the reinforcing layer
is absent in the distal end portion while it is present in the middle portion. In such
implementations, the reinforcing layer may extend into the proximal end portion over a variable
length. For example, the proximal end of the reinforcing layer may terminate at the same
longitudinal point at which the sheath hub terminates. In other implementations, the proximal
end of the reinforcing layer may extend proximally of the distal end of the peel-away sheath
hub. For example, the reinforcing layer may terminate between about O centimeters proximal
and about 2 centimeters proximal the distal end of the peel-away sheath hub. The specific
distance between the point at which the reinforcing layer terminates and the point at which the
peel-away sheath hub terminates can be selected to yield a specific kink resistance between
those two points along the length of the peel-away sheath body.

[0026] The kink-resistant peel-away sheath body is also configured to have a peel-away line
extending along its length, the peel-away line being aligned with one or more discontinuities
in the reinforcing layer of the peel-away sheath body. Alignment can be achieved
longitudinally along the peel-away sheath body, for example, by positioning the discontinuity
at the same circumferential position as the peel-away line. Aligning the peel-away line of the
peel-away sheath body with the at least one circumferential discontinuity in the reinforcing

layer allows the peel-away sheath body to be more easily peeled away. In some adaptations,
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the peel-away sheath body peels away without breaking through the reinforcing layer along the
entire length of the peel-away sheath body. For example, in implementations having a
reinforcing layer only in the distal end portion of the peel-away sheath body, the operator
initiates the removal of the peel-away sheath assembly in the proximal end portion by breaking
through the inner and outer layers. In implementations having a reinforcing layer only in the
proximal end portion of the peel-away sheath body, the operator initiates the removal of the
sheath in the proximal end portion by breaking through the reinforcing layer, and then breaks
through only the inner and outer layers while separating the distal end portion of the peel-away
sheath body.

[0027] The peel-away sheath hub is configured to provide handles for the operator to hold the
peel-away sheath assembly. Additionally, the operator initiates the peeling-away of the peel-
away sheath assembly from the pecl-away sheath hub. In some designs, the pecl-away sheath
hub has a proximal conical portion and a distal cylindrical portion. The proximal conical
portion may have a proximal discontinuity, and the distal cylindrical portion may have a distal
discontinuity. In some implementations, the first and second discontinuities are circumferential
discontinuities. The discontinuities are aligned with each other, and the distal end of the distal
circumferential discontinuity abuts a proximal end of the at least one peel-away line extending
along the length of the peel-away sheath body. At least one advantage of this alignment is to
facilitate the removal of the peel-away hub along with the peel-away sheath body by reducing
the force required to peel-away the peel-away sheath assembly, thereby ensuring that the
operator need not break through the reinforcing layer.

[0028] In further implementations, the distal end portion of the peel-away sheath assembly is
configured to have at least a pair of diametrically opposed notches along its length, the notches
extending through an inner surface or outer surface of the peel-away sheath body, providing
peel-away functionality. Where a reinforcing layer is present, the notches are aligned with
discontinuities of the reinforcing layer, such that at a given longitudinal point along the length
of the peel-away sheath body, there is a notch located at the same circumferential position as
the discontinuity. At least some advantages of alignment between the notches and the
discontinuity of the reinforcing layer are the ability to define peel-away lines and to reduce the
amount of force required to peel-away the peel-away sheath body, thereby allowing the
operator to peel away the peel-away sheath assembly. In some adaptations the peel-away
occurs without breaking through the reinforcing layer. In some implementations, the notches
are inner diameter notches that extend from an innermost surface of the inner layer through the

reinforcing layer. In further implementations, the inner diameter notches terminate before the
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outer layer. In other implementations, the inner diameter notches terminate within the outer
layer. In other implementations, the notches are outer diameter notches that extend from an
outermost surface of the outermost layer through the reinforcing layer. In further
implementations, the outer diameter notches terminate before the inner layer. In other
implementations, the outer diameter notches terminate within the inner layer. In
implementations having diametrically opposed notches, the notches define a pair of
diametrically opposed peel-away lines on the surface of the peel-away sheath body, where each
pair of peel-away lines extends along a length of the peel-away sheath body, and the peel-away
sheath assembly can be separated along the peel-away lines. In some implementations, the
peel-away lines run along an inner surface of the peel-away sheath body. In other
implementations, the peel-away lines run along an outer surface. Notches can help reduce the
amount of force required to peel-away the peel-away sheath assembly. As mentioned above,
the notches can also help align the peel-away lines with a discontinuity of the reinforcing layer,
for improved peel-away functionality.

[0029] Another embodiment provides a peel-away sheath assembly for insertion of a blood
pump. The peel-away sheath assembly has a peel-away sheath hub and a peel-away sheath
body, the peel-away sheath body having a proximal end portion that is connected to the peel-
away sheath hub, and a distal end portion. The peel-away sheath body defines a first lumen
extending in a longitudinal direction. The peel-away sheath body further comprises an inner
layer located at an inner radius, an outer layer located at an outer radius, and a reinforcing layer
located at a radius between the inner radius and the outer radius. In certain implementations,
there is a hydrophilic coating over at least a portion of the outer layer. In some
implementations, the portion of the outer layer over which the hydrophilic coating is placed
extends from the distal end of the peel-away sheath body to between about 5 centimeters and
about 2 centimeters distal of the proximal end portion of the pecl-away sheath body. In other
implementations, the portion of the outer layer over which the hydrophilic coating is placed
extends from the distal end of the sheath body to between about 4 centimeters and about 3
centimeters distal of the proximal end of the sheath body. In further implementations, the
portion of the outer layer over which the hydrophilic coating is placed extends from the distal
end of the sheath body to about 3.5 centimeters distal of the proximal end of the sheath body.
The hydrophilic coating facilitates the insertion of the sheath body into the vasculature of a
patient. As coating the entire length of the sheath body with the hydrophilic coating can cause
the sheath body to be dislodged from the aorta due to the arterial pressure acting on the sheath
body, a portion of the sheath body is generally configured to lack the hydrophilic coating. The
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sheath body of the present implementation further comprises at least one pair of diametrically
opposed notches, which extend through at least one of the inner layer or the outer layer.
[0030] In further implementations, the diametrically opposed notches can be inner diameter
notches, extending from an inner surface or the inner layer, through the reinforcing layer, and
terminating before or within the outer layer. At least one advantage of inner diameter notches
is their relative ease of manufacture compared to the outer diameter notches. Additionally, the
notches can be outer diameter notches, extending from an outer surface of the outer layer,
through the reinforcing layer, and terminating before or within the inner layer. At least one
advantage of outer diameter notches is the relative ease with which they facilitate the peeling-
away of the sheath compared to inner diameter notches.

[0031] The peel-away sheath body may additionally have at least one pair of diametrically
opposed inner notches extending through the inner layer. In some implementations, the inner
notches terminate before the outer layer. In other implementations, these notches terminate
within the outer layer. The pecl-away sheath body further comprises at least a pair of
diametrically opposed outer notches extending through the outer layer. In some
implementations, the outer notches terminate before the inner layer. In other implementations,
the notches terminate within the inner layer. As mentioned above, the notches help align the
peel-away lines with a discontinuity of the reinforcing layer. The specific notch configuration
used, particularly whether inner or outer diameter notches are used and where along the length
of the sheath each notch ends, can be selected based on the geometry of the reinforcing layer
to obtain the desired peel-away sheath assembly flexibility and kink resistance

[0032] In some implementations, inner notches extend along a first segment of the peel-away
sheath body, and outer notches extend along a second segment of the peel-away sheath body.
In some implementations, the first segment and the second segment partially overlap in a
longitudinal direction. The overlapping segment may serve as a transition region between the
first and second peel-away sheath body segments. In other implementations, the first segment
and the second segment fully overlap in a longitudinal direction. In some implementations, the
first segment corresponds to the proximal end portion of the peel-away sheath body, and the
second segment corresponds to the distal end portion of the peel-away sheath body. In some
implementations, the first segment extends along the entire length of the peel-away sheath
body. An advantage of having inner diameter notches is that they allow for over-molding on
the hub by allowing the polymer layers of the sheath body to reflow during the injection
molding process without the heat transfer causing the sheath layers to melt and seal the notches.

At least one advantage of the outer diameter notches is that they accommodate a large variety
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of reinforcing layers. At least one advantage of using outer diameter notches is an improved
case of manufacture, because outer diameter notches can be used in conjunction with different
hypotube geometries, different braided filament geometries, and different coiled filament
geometries. As discussed below with respect to Figure 14, after assembly of the various layers,
an operator can select a position of outer diameter notches depending on the geometry of the
reinforcing layer.

[0033] Also disclosed are methods of manufacturing the claimed peel-away sheath assembly,
the peel-away sheath assembly comprising a pecl-away sheath body and a peel-away sheath
hub. The layers of the multi-layer peel-away sheath assembly can be heat-shrunk in one step,
or layer by layer. The first step of an exemplary method comprises coating a mandrel with a
first layer of a first material. After coating the mandrel with the first layer, an operator heat-
shrinks the first layer of the first material. In the third step, an operator coats the heat-shrunk
first layer with a second layer of a reinforcing layer material. The operator then coats the
second layer of the second material with an outermost third layer of a third material. The third
step involves coating this heat-shrunk first layer with a second layer of a second material and
an outermost third layer of a third material, where the second layer is a reinforcing layer.
Finally, all the layers are heat-shrunk together, yielding the final peel-away sheath assembly.
In some implementations, a PTFE heat shrink is used to heat-shrink the layers. In
implementations with notches, inner notches are manufactured using a mandrel with a radial
protrusion, whereas outer notches are manufactured by laser-cutting or pressing a mandrel with
a radial protrusion on the outer surface of the sheath.

[0034] The peel-away sheath hub is manufactured by injection molding, wherein the peel-away
sheath hub material is positioned in a mold with at least two inserts. In some implementations,
the peel-away sheath hub has a proximal conical section and a distal cylindrical section. The
proximal conical section and the distal cylindrical section each comprise a discontinuity, which
in some implementations is a circumferential discontinuity. After the peel-away sheath hub is
molded and fused to the peel-away sheath body, the inserts are removed, leaving a negative
space in the shape of the inserts. The space left by the removal of the inserts creates a
discontinuity along the length of the peel-away sheath hub in the longitudinal direction. The
discontinuities can be aligned with one another and with the peel-away lines on the sheath body
to facilitate the peeling-away of the peel-away sheath body. The peel-away sheath hub can be
fused to the peel-away sheath body with the circumferential discontinuities aligned to the peel-

away lines in the peel-away sheath body.
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[0035] According to an additional implementation of the present disclosure, there is
provided a sheath body including a first strip of a first material, a second strip of a second
material, and a lumen defined by the first strip and the second strip. The first material can
have a first rigidity and the second material can have a second rigidity that is different (e.g.
lower) than the first rigidity. The first strip and the second strip are oriented adjacently, for
example in a helix extending from a distal end to a proximal end of the sheath body. The
helical or spiral structure and the alternating first and second strips of varying rigidities
improves flexibility by requiring a lower force to be applied to be able to bend the introducer
sheath. It also improves kink resistance by increasing the ability of the introducer sheath to
strain in the flexible sections in compression along the inner diameter of a bend radius and in
tension along the outer diameter of a bend radius and by increasing the collapse strength of
the diameter due to the more rigid sections. Improved flexibility and increased kink
resistance are beneficial for procedures with high insertion angles, e.g. procedures using
percutancous axillary insertions.

[0036] In one implementation, the first strip and the second strip are not cut perpendicular to
an orientation of the first strip and the second strip. At least one advantage of this
configuration is to obtain a sheath with material properties, which are a composite of the
material properties of each strip, without requiring a reinforcing coil or braid to surround the
sheath. In particular, this configuration yields a sheath with composite material properties
adapted to increase flexibility (e.g. bending) while minimizing kinking.

[0037] In some implementations, the first material is a polyether block amide (PEBA) or a
polyethylene, and the second material is a PEBA or a thermoplastic elastomer.

[0038] In certain implementations, the first strip and the second strip have the same width.
In some implementations, the widths of the first strip and the second strip are 1 mm.
According to other implementations, the first strip and the second strip have different widths.
In some implementations, the width of the first strip is 3 mm and the width of the second strip
is 1 mm. At least one advantage of varying the widths of each of the first and second strip is
to vary the composite properties of the sheath to obtain the desired rigidity and bending
stiffness properties for a particular introducer sheath.

[0039] In some implementations, the sheath body includes a wall having a thickness and a
first notch and a second notch in the wall. The first notch and a second notch can be axially
aligned along a length of the sheath body and can be oriented opposite each other. In certain
implementations, the first notch and a second notch are on an inner surface of the sheath

body. According to other implementations, the first notch and a second notch are on an outer
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surface of the sheath body. According to certain implementations, the sheath body is bisected
along the first notch and the second notch during a pecl-away of the sheath body. At least
one advantage of the notches is to improve the ease of peeling away the sheath body when
the split line passes through both first and second strips of materials with different
thicknesses.

[0040] In some implementations, the sheath body includes a tapered tip. According to
certain implementations, the tapered tip includes the first material and the second material. In
other implementations, the tapered tip includes only the first material. According to some
implementations, the tapered tip includes only the second material.

[0041] According to a further implementation of the present disclosure, there is provided an
introducer sheath for the insertion of a blood pump. The introducer sheath includes a sheath
body and a sheath hub. For example, the sheath body implementation of this disclosure. The
sheath body can include a first strip of a first material having a first rigidity, a second strip of
a second material having a second rigidity, and a first lumen defined by the first strip and the
second strip. The first rigidity can be larger than the second rigidity. The first strip and the
second strip can be oriented adjacently in a helix from a distal end to a proximal end of the
sheath body. The sheath hub can include proximal and distal ends defining a second lumen.
The distal end of the sheath hub can be attached to the proximal end of the sheath body. The
helical structure of the alternating first and second strips of varying rigidities improves both
flexibility by requiring a lower force to be applied to be able to bend the introducer sheath,
and strength by increasing the column strength of the introducer sheath, which is the axial
force required to produce buckling. Improved flexibility and increased column strength are
beneficial for procedures with high insertion angles, ¢.g. subclavian insertion sites.

[0042] In some implementations, the first lumen and the second lumen are in fluid
communication. Various instruments can be successively inserted and withdrawn through
both the first and second lumen of the sheath, leading up to placement of a device in a desired
location prior to peeling away the sheath.

[0043] The sheath hub can include a hemostasis valve sized for preventing fluid from
exiting the proximal end of the hub.

[0044] In some implementations, the sheath hub includes a first notch and a second notch.
The first notch and the second notch can be axially aligned along a length of the sheath hub
and can be oriented opposite each other. In certain implementations, the first notch and the
second notch can be on an inner surface of the sheath hub. In other implementations, the first

notch and the second notch can be on an outer surface of the sheath hub.
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[0045] According to a further implementation of the present disclosure, there is provided a
method of manufacturing a flexible introducer sheath body. The method comprises wrapping
a first strip of a first material and a second strip of a second material adjacently around a
mandrel, and securing the strips together (e.g. by heating) so they remain adjacent and with
peel-away functionality. The method may include securing a first distal end of the first strip
and a second distal end of the second strip. The method may comprise securing a first
proximal end of the first strip and a second proximal end of the second strip. The method
also may comprise placing a heat shrink tube over the first strip, the second strip, and the
mandrel. Further, the method may comprise heating the first strip and the second strip. The
method further may comprise removing the heat shrink tube. The method also may comprise
removing the first strip and the second strip from the mandrel.

[0046] According to a further implementation of the present disclosure, there is provided a
sheath body including a first strip of a first material, a second strip of a second material, and
an inner lumen defined by distal and proximal ends of the sheath body. The first material can
have a first rigidity and the second material can have a second rigidity that is different than
the first rigidity. The first strip and the second strip are oriented adjacently over the inner
lumen, for example in a helix extending from the distal end to the proximal end of the sheath
body. The inner lumen can be made of a third material having the same or different rigidity
as the first and/or second materials.

[0047] In some implementations, the sheath body includes an outer wall having a first
thickness, an inner wall having a second thickness, and a first notch and a second notch in the
outer wall. The first notch and a second notch can be axially aligned along a length of the
sheath body and can be oriented opposite each other.

[0048] At least one advantage of the manufacturing method is the ability to form a sheath
with composite material properties tailored to provide improved bending flexibility and
higher kink resistance. Additionally, the manufacturing method enables production of a

sheath body with smooth inner and outer surfaces.
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Brief Description of the Drawings

[0049] The foregoing and other objects and advantages will be apparent upon consideration
of the following detailed description, taken in conjunction with the accompanying drawings,
in which like reference characters refer to like parts throughout, and in which:

[0050] FIG. 1 shows the peel-away sheath assembly comprising the peel-away sheath body
and the peel-away sheath hub;

[0051] FIG. 2A shows a cross-section of the peel-away sheath body taken at a longitudinal
point having a continuous second layer circumference;

[0052] FIG. 2B shows a cross-section of the peel-away sheath body taken at a longitudinal
point intersecting a circumferential discontinuity in the second layer;

[0053] FIG. 3A shows an axial cross section of the peel-away sheath body;

[0054] FIGS. 3B-3C show possible designs of the laser-cut hypotube;

[0055] FIGS. 4A-4E show possible configurations of the inner and outer diameter notches
along an axial cross-section;

[0056] FIG. 5A-5B show possible configurations of the outer and inner diameter notches along
a circumferential cross-section;

[0057] FIG. 6 shows a cross-section which shows the inner layer, the reinforcing layer, and the
third layer;

[0058] FIG. 7 shows an isometric view of the peel-away sheath hub and proximal portion of
the peel-away sheath body;

[0059] FIG. 8 shows a circumferential cross-section of the peel-away introducer sheath within
the cylindrical portion of the peel-away sheath hub;

[0060] FIG. 9 shows a circumferential cross-section of the introducer peel-away sheath within
the conical portion of the peel-away sheath hub;

[0061] FIG. 10 shows a top view of the peel-away sheath hub and proximal end portion of the
peel-away sheath body;

[0062] FIG. 11 shows a cross-section of the laser-cut hypotube with the internal notch in the
circumferential discontinuity;

[0063] FIG. 12 shows a cross-section of the peel-away introducer sheath with mold tool on the
break wall plane;

[0064] FIG. 13 shows a cross-section of the pecl-away introducer sheath with the mold tool
not on the break wall plane;

[0065] FIG. 14 shows an exemplary method of manufacturing certain implementations of a

peel-away sheath assembly;
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0066] FIG. 15 shows an illustrative longitudinal cross-section of the peel-away introducer
sheath with the reinforced layer extending into the peel-away sheath hub;

[0067] FIG. 16 shows an isometric view of an illustrative introducer sheath assembly
including an illustrative expandable sheath body comprising two strips of material coupled to
an illustrative sheath hub;

[0068] FIG. 17 shows an isometric view of an illustrative flexible sheath body having a first
strip and a second strip;

[0069] FIG. 18 shows an illustrative view of the flexible sheath body of FIG. 17,

[0070] FIG. 19 shows a schematic profile of the flexible sheath body of FIG. 17 with the
first strip and the second strip having widths and a helix angle;

[0071] FIG. 20 shows a cross-sectional view of the flexible sheath body of FIG. 17 having a
first notch and a second notch on an inner surface;

[0072] FIG. 21 shows an isometric view of the flexible sheath body of FIG. 20;

[0073] FIG. 22 shows a cross-sectional view of the flexible sheath body of FIG. 17 having
the first notch and the second notch on an outer surface;

[0074] FIG. 23 shows an isometric view of the flexible sheath of FIG. 22;

[0075] FIG. 24 shows an illustrative method for manufacturing the flexible sheath body of
FIG. 17; and

[0076] FIG. 25 shows a cross-sectional view of a flexible sheath body having an inner

lumen and a first notch and a second notch on an outer surface.
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Detailed Description

[0077] To provide an overall understanding of the systems, method, and devices disclosed
herein, certain illustrative embodiments will be described. Although the embodiments and
features described herein are specifically described for use in connection with a percutancous
heart pump system, it will be understood that the teachings may be adapted and applied to other
mechanical circulatory support devices and other types of medical devices such as
electrophysiology study and catheter ablation devices, angioplasty and stenting devices,
angiographic catheters, peripherally inserted central venous catheters, midline catheters,
peripheral catheters, inferior vena cava filters, abdominal aortic aneurysm therapy devices,
thrombectomy devices, TAVR delivery systems, cardiac therapy and cardiac assist devices,
including balloon pumps, cardiac assist devices implanted using a surgical incision, and any
other venous or arterial based endoluminal introduced catheters and devices.

[0078] The systems, methods, and devices described herein provide a flexible introducer
sheath with peel-away sheath functionality that has improved resistance to kinking and
improved flexibility. An introducer sheath with such improved functionality can be achieved
in various ways, as disclosed herein. In general, the sheath has at least two sections of differing
rigidity, with one rigid section and at least one less rigid section. The improved sheath allows
for improved kink resistance. One example configuration having at least one rigid section and
at least one less rigid section is a sheath with an inner layer, a second reinforcing layer, and an
outer layer. In such implementations, the reinforcing layer may include a laser-cut hypotube
or a braided or coiled filament. As disclosed in Application No. 62/672,212, reproduced in
Appendix A below, another configuration having at least one rigid section and at least one less
rigid section comprises a rigid strand and a less rigid strand wrapped in a single layer helical
configuration. By making the less rigid section of the introducer sheath out of different
polymer materials, the introducer sheath also allows the sheath to be peeled away easier. Using
a stiffer material and a less stiff material, either in the same layer, or in different layers, is an
improvement over typical peel-away sheaths that use only one material with a constant
stiffness, forcing a choice between kink resistance and flexibility. Improving resistance to
kinking while also improving flexibility is highly desirable in clinical scenarios requiring peel-
away sheaths with high insertion angles. Such clinical scenarios include femoral access for
obese patients due to the distance between the vessel and the insertion point, as well as
subclavian axillary access due to sensitive anatomical landmarks and nerve bundles in the

adjacent arcas of the axillary insertion sites. Additionally, the presence of discontinuities in
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the reinforcing layer, and/or notches in the sheath layers reduces the force to be applied to peel-
away the sheath.

[0079] Figure 1 shows an illustrative peel-away sheath assembly 100 including, sheath handles
101, sheath hub 102, sheath body 103, proximal end 104, distal end 106, sheath body lumen
108, sheath body inner layer 110, reinforcing layer 112 and outer layer 114. The sheath hub
102 is coupled to the sheath body 103, sheath body 103 having a proximal end 104 and a distal
end 106. The sheath hub 102 is coupled to the proximal end 104 of the sheath body 103. The
sheath body 103 defines a first lumen 108, which extends along the longitudinal axis of the
sheath body 103. As described further below in relation to FIGS. 2-6, peel-away sheath
assembly 100 has a multi-layer design, to provide both flexibility and kink resistance. Sheath
body 103 comprises an inner layer 110 located at a first and innermost radius, a reinforcing
layer 112 located at a second radius, and an outer layer 114 located a third and outermost radius.
The inner layer 110 and the outer layer 114 comprise a thermoplastic, which may be the same
for each of inner layer 110 and outer layer 114. Alternatively, inner layer 110 and outer layer
114 may comprise different thermoplastics. The reinforcing layer 112 has different material
properties than the inner layer 110 and the outer layer 114. For example, the reinforcing layer
is stiffer than at least one of inner layer 110 and outer layer 114. The illustrative embodiment
shown in Figure 1 may further comprise a hydrophilic coating over at least a portion of the
outer layer. In some implementations, the portion of the outer layer over which the hydrophilic
coating is placed extends from the distal end of the sheath body to between about 5 centimeters
and about 2 centimeters distal of the proximal end of the sheath body. In other
implementations, the portion of the outer layer over which the hydrophilic coating is placed
extends from the distal end of the sheath body to between about 4 centimeters and about 3
centimeters distal of the proximal end of the sheath body. In further implementations, the
portion of the outer layer over which the hydrophilic coating is placed extends from the distal
end of the sheath body to about 3.5 centimeters distal of the proximal end of the sheath body.
As previously discussed, the hydrophilic coating facilitates the insertion of the sheath body into
the vasculature of a patient. As coating the entire length of the sheath body with the hydrophilic
coating can cause the sheath body to be dislodged from the aorta due to the arterial pressure
acting on the sheath body, a portion of the sheath body is generally configured to lack the
hydrophilic coating.

[0080] The reinforcing layer can be a hypotube, a braided filament, or a coiled filament. The
reinforcing layer is configured with at least two discontinuities on its surface. For example,

the hypotube of the reinforcing layer can be configured with a series of slits along its surface.
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Such slits allow the hypotube to not only offer improved kink resistance given its inherent
rigidity, but also allow the hypotube to have improved flexibility. As another example, a
braided or coiled filament second layer includes discontinuities between filament braids or
wraps. At least one advantage of a filament reinforcing layer is the presence of discontinuities
between each wrap or braid of the filament, which reduces the amount of force needed to peel-
away the reinforcing layer and the sheath as a whole. Further, additional discontinuities
between cach wrap of the filament allow for greater flexibility. At least one advantage of the
filament is the ability to adjust a size of the discontinuities, i.e. select a wraps-per-inch, for
different applications with the same manufacturing process for the reinforcing layer. One
further advantage of the filament is the ability to maintain a given size of the discontinuities
while adjusting the separation between the discontinuities by varying the size of the filament.
Both the filament and hypotube configurations can be implemented with a variety of peel-away
line designs. One advantage of a reinforcing layer constructed from a hypotube or a coiled
filament is that the thickness of the layer can be configured to be constant throughout entirety
length of the layer.

[0081] The sheath body is also configured to have a peel-away line extending along its length,
the peel-away line overlapping the at least one circumferential discontinuity in the reinforcing
layer of the sheath. At least one advantage of the overlap between the peel-away line of the
sheath and at least one circumferential discontinuity in the reinforcing layer is the ability to
peel-away the sheath without having to break through the reinforcing layer.

[0082] As described in relation to Figures 2 and 3 below, the reinforcing layer can be a laser-
cut hypotube. The hypotube can be machined to have at least two discontinuities on its surface.
In some implementations, the discontinuities extend along a portion of the circumference of
the hypotube, and are circumferential discontinuities. In other implementations, the
discontinuities extend along a length of the hypotube, and is are longitudinal discontinuities.
In other implementations, the discontinuities may extend both circumferentially and
longitudinally. In certain implementations, as shown for example in Figures 5A-B and
discussed further below, representative circumferential cross-section contains several
circumferential discontinuities. For example, as shown in Figure 5A-B, the discontinuity can
be two or more slits. In other implementations, the discontinuities may be of different sizes
and shapes. For example, the discontinuities can be rectangular, can be circular, can be
elliptical, and can be thomboidal.

[0083] In one implementation, as shown for example in Figure 3B, the slits along the surface

of the hypotube are parallel to each other, and are evenly spaced along the length of the
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hypotube. In such an implementation, there are two distinct circumferential cross-sections that
may be taken along the length of the hypotube. The first circumferential cross-section is shown
in Figure 2A.

[0084] The cross-section 200 depicts inner layer 202 located at an inner radius, reinforcing
layer 204 located at an intermediate radius, and outer layer 206 located at an outermost radius.
The center of Figure 2A shows first lumen 208. Figure 2A is taken at a longitudinal point along
the sheath body at which the reinforcing layer 204 has a continuous circumference. The inner
layer 202, the reinforcing layer 204, and the outer layer 206 are concentric layers. Concentric,
as defined herein means that the layers share the same center, with the outer layer 206
completely surrounding reinforcing layer 204 and inner layer 202, and with reinforcing layer
204 completely surrounding inner layer 202.

[0085] The second illustrative circumferential cross-section is shown in Figure 2B. The cross-
section 220 depicts inner layer 222 located at an inner radius, reinforcing layer 224 located at
an intermediate radius, and an outer layer 226 located at an outermost radius. The center of
Figure 2B shows first lumen 230. The cross-section of Figure 2B is taken at a longitudinal
point along the sheath body at which the reinforcing layer 224 has a circumferential
discontinuity 228, corresponding to a slit in the laser-cut hypotube. As such, the cross-section
of Figure 2B shows a discontinuous reinforcing layer. The at least one circumferential
discontinuity 228 defines a line that provides the sheath with its peel-away functionality.
[0086] In Figures 2A and 2B, the material properties of reinforcing layer 204 advantageously
lend to the sheath assembly improved flexibility and kink resistance. For example, one such
physical property is the rigidity of the reinforcing layer, which is greater than that of at least
one of the materials of the inner layer 202 or outer layer 206. Another such physical property
of the reinforcing layer material 204 is its elastic modulus, which too may be greater than at
least one of those of the materials of the inner layer 202 or outer layer 206. The first inner
layer 202 material and the outer layer 206 material may be a thermoplastic, and the
thermoplastic can be at least one of PEBAX or TPU. The reinforcing layer 204 material can
be at least one of LCP, PEBAX, stainless steel, Nitinol, or Kevlar. The thickness of the inner
layer 202 can be between 0.001 inches and 0.015 inches. Further, the thickness of the outer
layer 206 can be between 0.001 inches and 0.015 inches. The total wall thickness of the
implementation is less than or equal to 0.016 inches.

[0087] Figure 3A shows one illustrative longitudinal cross-section 300 of the peel-away sheath
assembly, the longitudinal axis of the sheath body being in the plane of the page. The cross-

section shows inner layer 302 at an inner radius, reinforcing layer 304 at an intermediate radius,
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and outer layer 306 at an outer radius. The reinforcing layer 304 has discontinuities 308.
Discontinuities 308 are, in some implementations, circumferential discontinuities. Together,
the three layers define first lumen 310. Within the reinforcing layer 304, circumferential
discontinuities 308 that separate ribs 309 are connected by the reinforcing layer 304. The
circumferential discontinuities 308 are of a finite arc length and do not extend along the entire
length of the circumference of the reinforcing layer 304. The circumferential discontinuities
308 may be of varying arc lengths and may be of varying widths. The arc lengths of the
circumferential discontinuities 308 may be between about 0.5 cm - 1 cm. Similarly, the widths
of the circumferential discontinuities 308 may be between about 0.1 and 0.5 cm, between about
0.2 and 0.4 cm, and about 0.3 cm.

[0088] Figure 3B shows one configuration of discontinuities 322 and 324 in the reinforcing
layer 320, in which each discontinuity 322 and 324 of the hypotube has the same length along
the circumference of the hypotube. The discontinuities in Figure 3B are evenly spaced in the
longitudinal direction, and the discontinuities comprise a first set and a second set of
discontinuities. The discontinuities located at the same circumferential position as first slit 322
constitute the first set, and the discontinuitics located at the same circumferential position as
second slit 324 define the second set. Each discontinuity in each set of discontinuities has a
center. The centers of the first set of discontinuities define a first discontinuity axis, and the
centers of the second set of discontinuities define a second discontinuity axis. In some
embodiments, and as shown in Figure 3B, the first and second slit axes arc offset by some
angle. The angle by which the two slit axes are offset may be zero degrees, such that all of the
slits along the length of the hypotube are centered on the same axis. The angle by which the
slit axes are offset ranges from 0 to about 180 degrees. In one example, the angle by which the
slit axes are offset is 0 degrees, which corresponds to every slit being centered on the same
axis. Inanother example, the angle by which the slit axes are offset is 180, which corresponds
to the two slit axes being diametrically opposed to one another. Diametrically opposed, as
defined herein means that two features of the implementation are separated along the sheath
body by a 180 degree offset. In other examples, the axes may be offset by an angle between
about 30 and about 150 degrees. In other examples, the axes may be offset by an angle between
about 60 and about 120 degrees. In other examples, the axes may be offset by an angle of about
90 degrees. In other examples, the discontinuities have varying length along the surface of the
hypotube. In other examples, the slits are variably spaced along the length of the hypotube, to
achieve varying flexibility along the sheath. For example, the spacing can be fixed in the

proximal portion of the sheath, and may increase in the distal direction so as to provide greater
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kink resistance in the distal end while providing an easier ability to peel-away in the proximal
end. In another example, the slits may be closest together on both ends of the sheath body and
may have greater spacing in the middle of the length of the sheath body, providing kink
resistance to the middle of the sheath body while allowing for the extremities of the sheath to
be easily peeled away. As described above in relation to the filament reinforcing layer, the
discontinuities may be of varying sizes and shapes. Configurations having a hypotube
reinforcing layer can also have discontinuities of varying shapes and sizes.

[0089] In some implementations, the hypotube may be configured to possess a spine that
connects a series of ribs. A spine as defined herein refers to a portion of the hypotube that
extends continuously in a longitudinal direction parallel to the first lumen of the sheath body.
Ribs as herein defined refer to portions of the hypotube that are connected at only one end to
the spine and extend away from the spine in a circumferential direction. In some
implementations, there is only a single rib, such that the hypotube resembles a single c-shape
that extends longitudinally down the length of the sheath body. In other implementations, there
may be several ribs. The ribs may be separated in the longitudinal direction by circumferential
discontinuities. In other implementations, there may be more than one spine, each spine being
connected to a set of ribs. In all such implementations, the number of and the spacing of the
ribs can be optimized to yield the desired kink resistance and flexibility. Ribs spaced closer
together provide greater kink resistance. Ribs spaced farther apart provide greater flexibility
and ease of peel-away.

[0090] Figure 3C shows another configuration of discontinuities 332 and openings 334 in the
reinforcing layer 330. In Figure 3C, circumferential discontinuities 332 are oriented to extend
along the circumference of the reinforcing layer. The inclusion of openings 334 helps the
adherence of the inner and outer layers to reinforcing layer 330 during manufacturing.
Openings 334 may be configured in a variety of shapes. Openings 334, for example, may be
circular, elliptical, or thomboidal. As discussed previously, openings 334 are configured to
extend along the circumference of reinforcing layer 330. Openings 334 may be oriented at
regular intervals along the length of reinforcing layer 330. For example, openings 334 may be
included every 0.7 inches along the length of reinforcing layer 330. In other implementations,
openings 334 may be positioned every 0.9 inches along the length of the reinforcing layer. In
certain implementations, openings 334 may be positioned every 1.1 inches along the length of
the reinforcing layer. As previously discussed, openings 334 may have a range of surface areas.
For example, in some implementations, each opening 334 has a surface area of between about

5 and about 25 square millimeters. In other implementations, the surface area of each opening
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334 is between about 10 and about 20 square millimeters. In certain implementations, the
surface area of each opening 334 is about 15 square millimeters. The incorporation of openings
allows for the inner and the outer layer of the sheath body to better adhere to one another during
manufacturing. This increased adherence allows the sheath body to better accommodate
stresses while bent. The reflow process is also controlled such that there is now polymer reflow
into the circumferential slits configured along the length of the hypotube. The slits remaining
free of polymer allows the slits to function as compression and expansion zones, which
increases the flexibility of the sheath body.

[0091] Figures 4A-4E show several possible configurations of the inner and outer diameter
notches. The notches in such configurations define a peel-away line, along which a practitioner
can peel the sheath assembly to separate it. Figures 4A-4E show inner layer 402, reinforcing
layer 404, and outer layer 406, and sheath lumen 408. Also shown is an illustrative notch 410.
Figure 4A depicts an implementation having only inner diameter notches. The inner diameter
notches of Figure 4A begin on an innermost surface of inner layer 402, penetrate through the
reinforcing layer 404, and terminate within the outer layer 406. In another implementation, the
outer diameter notches 410 begin on an innermost surface of inner layer 402, penetrate through
the reinforcing layer 404, and terminate before the outer layer 406. Implementations containing
inner diameter notches (Figure 4A) are more easily manufactured.

[0092] Figure 4B shows an implementation having only outer diameter notches. The outer
diameter notches of Figure 4B begin on an outermost surface of outer layer 406, penctrate
through the reinforcing layer 404, and terminate within the inner layer 402. In another
implementation, the outer diameter notches of Figure 4B begin on an outermost surface of outer
layer 406, penetrate through the reinforcing layer 404, and terminate before the inner layer 402.
Implementations containing outer diameter notches (Figure 4B) perform better with regard to
peel-away functionality than do configurations having only inner diameter notches.

[0093] Figure 4C shows an implementation having both inner and outer diameter notches
wherein the two types of notches do not overlap longitudinally along the length of the sheath
body. Figure 4D shows an implementation wherein the notches partially overlap longitudinally
along the length of the sheath body. Figure 4E shows an implementation where the notches
entirely overlap longitudinally along the length of the sheath body. In one implementation, the
outer diameter notches extend along at least a distal end of the distal portion of the sheath body,
and the inner diameter notches extend along all of the proximal portion of the sheath and at
most a proximal end of the distal portion of the sheath body. In another implementation, the

outer diameter notches extend along at least a distal end of the distal portion of the sheath body,

28



WO 2019/222546 PCT/US2019/032736

and the inner diameter notches extend along all of the proximal portion of the sheath and at
most a proximal end of the proximal portion of the sheath body in addition to both inner
diameter and outer diameter notches extending overlapping along any portion of the first
section of the sheath body.

[0094] Figure SA shows a circumferential cross-section 500 of the sheath body having inner
layer 502, reinforcing layer 504, and outer layer 506. The three layers define lumen 508, which
extends along the longitudinal axis of the sheath body. Diametrically opposed outer diameter
notches 510 extend from an outermost surface of the outer layer 506, through the reinforcing
layer 504, and terminate within the inner layer 502.

[0095] Figure 5B shows a circumferential cross-section 520 of the sheath body having inner
layer 522, reinforcing layer 524, and outer layer 526. The three layers define first lumen 528,
which extends along the longitudinal axis of the sheath body. Diametrically opposed inner
diameter notches 530 extend from an innermost surface of the inner layer 522, through the
reinforcing layer 524, and terminate within the outer layer 526. As stated in relation to figures
4A-E, the configurations having outer diameter notches, as in Figure 5A, have improved peel-
away performance, while the configurations having inner diameter notches, as in Figure 5B,
are more easily manufactured. Some implementations only have inner diameter notches, while
other implementations only have outer diameter notches. Further implementations may have
both inner diameter notches and outer diameter notches, wherein the inner diameter notches
extended along of the length of the sheath body exclusively from the outer diameter notches.
Additional implementations may have a portion of the sheath body wherein there are both inner
diameter notches and outer diameter notches. Some other implementations may have both
areas wherein one notch is exclusively found, and areas wherein the two types of notches are
found overlapping longitudinally.

[0096] Figure 6 similarly shows a cross-section 600 of the layers of the sheath, comprising
inner layer 602, reinforcing layer 604, and outer layer 606. Discontinuities 610 can be seen in
reinforcing layer 604. In some implementations, discontinuities 610 are circumferential
discontinuities.

[0097] Figure 7 shows an isometric view 700 of the sheath hub 701 and the proximal portion
706 of the sheath body 707. The sheath hub comprises proximal conical proximal portion 702,
having circumferential discontinuity 703, and distal conical portion 704, having
circumferential discontinuity 705. Distal conical portion 704 of the sheath hub 701 is attached
to proximal portion 706 of sheath body 707. The discontinuities 703 and 705 are configured
to align with the peel-away lines of the sheath body 707, such that at a given longitudinal point
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along the length of the sheath body having a discontinuity, the peel-away line is located at the
same circumferential position as the discontinuity. In some implementations, discontinuities
703 and 705 are circumferential discontinuities.

[0098] Figure 8 shows a circumferential cross-section 800 taken along line A-A’ (see Figure
7) in the distal cylindrical portion 810 of the sheath hub. Inner layer 802, together with
reinforcing layer 804, and outer layer 806 together define first lumen 808. Discontinuity 812
in the cylindrical portion 810 of the sheath hub is aligned with the peel-away lines of the sheath-
body to facilitate removal of the sheath, and is, in some implementations, a circumferential
discontinuity. Discontinuity 812 is aligned with the discontinuity of the proximal conical
portion of the sheath hub, also to facilitate removal of the sheath. The discontinuity of the
proximal conical portion of the sheath hub is, in some implementations, a circumferential
discontinuity. As discussed in relation to Figure 12, circumferential discontinuity 812 in the
cylindrical portion 810 of the sheath hub is manufactured by placing an insert into the sheath
hub material prior to fusing the sheath hub material to the sheath body. The insert is removed
after fusion, leaving circumferential discontinuity 812 in cylindrical portion 810 of the sheath
hub.

[0099] Figure 9 shows a circumferential cross-section 900 taken along line B-B’ (see Figure
7) in the proximal conical portion 910 of the sheath hub. Inner layer 902, defines first lumen
908. Discontinuity 912 in the conical portion 910 of the sheath hub can be aligned with the
discontinuity of the distal cylindrical portion of the sheath hub to facilitate the remove of the
sheath, the distal cylindrical portion of the sheath hub also being aligned with the peel-away
lines of the sheath body. In some implementations, discontinuity 912 is a circumferential
discontinuity. As discussed in relation to Figure 12, and as discussed above in relation to the
circumferential discontinuity in the distal cylindrical portion of the sheath hub, circumferential
discontinuity 912 in the conical portion 910 of the sheath hub is manufactured by placing an
insert into the sheath hub material prior to fusing the sheath hub material to the sheath body.
The insert is removed after fusion, leaving circumferential discontinuity 912 in conical portion
910 of the sheath hub. Additionally, as shown in the illustrative embodiment of Figure 9 (and
discussed further in detail below in relation to Fig. 12), there exists only an inner sheath layer
in the proximal conical portion of the sheath hub. As discussed below in relation to Figure 12,
inner layer 902 has a specific thickness. The thickness of inner layer 902 in proximal conical
portion 910 of the sheath hub can be less than the thickness of the layers that are distal relative
to proximal conical portion 910. The thickness of inner layer 902 in the proximal conical

portion 910 can be selected such that there is a reduced diameter section in proximal conical
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portion 910. The reduced diameter section can have an outer diameter that is less than the total
thickness of the relatively distal layers, or the reduced diameter section can have an outer
diameter that is equal to the total thickness of the relatively distal layers. The presence of only
a single sheath layer within the proximal conical portion 910 of the sheath hub decreases the
amount of material through which an operator must break to separate the sheath, allowing the
operator to apply a smaller breaking force.

[0100] Figure 10 shows a top view 1000 of the sheath hub 1001 and the proximal portion 1006
of the sheath body. Sheath hub 1001 comprises proximal conical portion 1002 and distal
cylindrical portion 1004. Discontinuity 1003 resides in the conical portion 1002 of the sheath
hub, and discontinuity 1005 resides in the cylindrical portion of the sheath hub. Discontinuities
1003 and 1005 are, in some implementations, circumferential discontinuities. Circumferential
discontinuities 1003 and 1005 are aligned with peel-away lines on the sheath body. Proximal
end 1006 of the sheath body is coupled to sheath hub 1001 at the distal conical portion 1004.
Figure 7 also shows lines A-A° and B-B’, along which illustrative cross-sections of the hub in
the cylindrical and conical portions, respectively, are shown in Figure 8 and Figure 9.

[0101] Manufacturing of the peel-away sheath includes manufacturing of the multi-layer
sheath body, manufacturing of the sheath hub, and assembly of the sheath hub and sheath body .
Specific notch and layer configurations can be configured for ease of manufacture. For
example, the absence of a reinforcing layer in the proximal portion of the sheath helps to
stabilize the injection molding process. Additionally, using inner diameter notches ensures that
notches will not seal when the polymer layers reflow during the manufacturing process. As
described in further detail below in relation to Figure 14, the multi-layer sheath body is
manufactured through a heat-shrinking process. Heat-shrinking is also referred to as
lamination.

[0102] In one method of manufacturing, the innermost first layer material, the reinforcing
second layer material, and the outermost third layer material are placed onto a mandrel. The
layers are then heat-shrunk. For example, a PTFE heat shrink is used.

[0103] In another method, the innermost first layer is placed on to the mandrel and is heat-
shrunk, at which point the reinforcing second layer material and the outermost third layer
material are placed onto the heat-shrunk first layer. The heat-shrunk first layer, the reinforcing
second layer material, and outermost third layer material are then wrapped heat-shrunk
together.

[0104] In yet another method, each layer is successively heat-shrunk onto a mandrel. The

innermost first layer is first placed on to the mandrel and heat-shrunk. The heat-shrunk first
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layer is then coated with a reinforcing second layer material. The two layers are then heat-
shrunk. The two heat-shrunk layers are then coated with an outermost third layer material.
The three layers are then wrapped heat-shrunk.

[0105] For manufacturing sheath bodies having inner diameter notches, the mandrel used for
heat-shrinking comprises a raised spine, such that heat-shrinking of a layer using the mandrel
creates a sheath body with an inner diameter notch in the shape of the mandrel spine. For
manufacturing sheath bodies having outer diameter notches, the outermost third layer is
configured with a mold during heat-shrinking, the mold being the shape of the outer diameter
notch. Upon heat-shrinking, the mold is removed, leaving an outer diameter notch in the shape
of'the mold. As discussed further below in relation to Figure 11, a circumferential discontinuity
must be sufficiently large to allow for at least a mandrel through extend through the
discontinuity during manufacturing and to provide improved flexibility. A size of the
discontinuity cannot be smaller than a sizes of the protrusion of the mandrels used in
manufacturing. However, the discontinuity must also be sufficiently small to still provide
improved kink resistance — if the discontinuity is too large, the sheath will buckle.

[0106] Similar methods of manufacture exist for any configuration of the reinforcing second
layer. For example, when the reinforcing layer is a hypotube comprising a plurality of
hypotube arc segments, the innermost first layer may be heat-shrunk, and then the arc segments
may be heat-shrunk to the heat-shrunk innermost first layer. This can be done to ensure that
the increasing number of hypotube arc segments are properly adhered to the innermost first
layer prior the incorporation and heat-shrinking of the outermost third layer. Additionally,
when the reinforcing layer is a hypotube comprising a plurality of arc segments, the innermost
first layer may be heat-shrunk, and then the arc segments may be heat-shrunk to the heat-shrunk
first layer individually. Similarly, the braided and coiled filament structures previously
discussed can be heat-shrunk to the heat-shrunk innermost first layer prior to the heat-shrinking
of the outermost third layer to ensure the proper adherence of the filament layers to the
innermost first layer.

[0107] During removal of the sheath from the patient, the sheath hub is peeled away in addition
to the sheath body. As described previously, and in relation to Figures 12 and 13, the sheath
hub is manufactured using injection molding, in which the sheath hub material is placed into a
sheath hub mold, the mold being configured with at least one insert. In some implementations,
two inserts are used. After the sheath hub is molded and fused to the sheath body, the at least
one insert is removed. As such, the sheath hub is configured during manufacturing to comprise

a break wall in the form of negative space in the shape of the at least one. This negative space
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helps the practitioner to facilitate the peeling away of the sheath hub. Figure 12 shows a cross-
section 1200 of the introducer sheath with the mold tool on the break wall plane. The break
wall is configured to have the shape of the two inserts upon their removal from the sheath hub
material. In other configurations, one insert may be used, and in further implementations, more
than two inserts may be used. Additionally, Figure 12 shows reduced diameter section 1210.
Reduced diameter section 1210 corresponds to a proximal segment along the sheath body
which may only contain an inner layer, as the inner layer may be configured to extend further
in a proximal direction than the reinforcing or outer layers. Reduced diameter section 1210 has
athickness 1211. Layer 1212 has thickness 1213 and layer 1214 has thickness 1215. In some
implementations, thickness 1211 is less than the sum of thicknesses 1213 and 1215. In other
implementations, thickness 1211 is equivalent to thickness 1213, such that reduced diameter
section 1210 and layer 1212 form a single continuous layer. In other implementations,
thickness 1211 is less than thickness 1213. As previously discussed, one advantage of the
absence of a reinforcing layer in the proximal portion of the sheath is the stabilization the
injection molding process, allowing the polymer layers of the sheath body to mold to the sheath
hub with consistent properties. Figure 13 shows a cross-section 100 of the introducer sheath
with the mold tool not on the break wall plane, showing how the inserts are situated relative to
the sheath hub.

[0108] Figure 11 shows a cross-section 1100 of a laser-cut hypotube 1104 with an internal
notch 1108 in circumferential gap 1110. Inner layer 1102, reinforcing layer 1104, and outer
layer 1106 are configured with the internal notch in the circumferential gap to increase peel-
away functionality. As previously discussed, the discontinuity must be sufficiently large to
allow for at least one inner or outer diameter notch to extend through it and to provide improved
flexibility, but must also be sufficiently small to still provide improved kink resistance. In
some implementations, the width of circumferential gap 1110 ranges between about 0.1 and
about 1.5 millimeters. In other implementations, the width of circumferential gap 1110 ranges
from about 0.3 to about 1.2 millimeters. In certain implementations, the width of critical gap
1110 ranges from about 0.5 to about 1.0 millimeters. In further implementations, the width of
critical gap 1110 ranges from about 0.7 to about 0.8 millimeters. In certain implementations,
the width of critical gap 1110 is about 0.761 millimeters.

[0109] Figure 14 shows a flowchart for manufacture of the peel-away sheath assembly for the
introduction of a heart pump, according to certain implementations. Process 1400 begins at
step 1402, wherein an operator coats a mandrel with a first layer of a first material. In some

implementations, this first layer material is a thermoplastic, comprising one of PEBAX or TPU.
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In step 1404, the operator heat-shrinks the first layer, which comprises coating the first layer
material with a heat shrink and heating the layer and the heat shrink. In step 1406, after the
first layer is heat-shrunk, the operator coats the heat-shrunk first layer with a second layer of a
reinforcing second layer material. In step 1408, the operator then coats the second layer of the
reinforcing second layer material with an outermost layer of a third layer material. In step

1410, the operator heat-shrinks together the heat-shrunk first layer, the reinforcing second
layer, and the third layer material. As previously discussed in relation to Figure 3C, the
openings in the reinforcing layer that form rings around the circumference of the reinforcing
layer at regular longitudinal intervals along the length of the sheath body allow the inner and
outer layers to reflow. This reflow provides better adherence of the inner and outer layers to
each other, which allows the sheath body to better accommodate stresses while the sheath body
is bent. The manufacturing process is controlled such that reflow of the inner and outer layers
into the circumferential slits does not occur. The absence of the polymer layers from the slits
allows the slits to serve as compression and expansion zones, providing the sheath body with
improved flexibility. In further implementations of the method, the mandrel used in
manufacture may possess at least one raised spine such that heat-shrinking of the first layer
material leaves at least one internal notch in the heat-shrunk first layer. In other
implementations, the operator selects the locations of each outer notch based on the geometry
of the heat-shrunk reinforcing layer. In other implementations of the method, the operator need
not subject the first layer to heat-shrinking prior to heat-shrinking the reinforcing second layer
and the outermost third layer; that is, the operator may heat-shrink the first, second, and third
layers for the first time simultaneously.

[0110] Figure 15 shows a longitudinal cross-section 1500 of sheath body 1502 having inner
layer 1504, outer layer 1506, reinforcing layer 1508, sheath hub 1510, reinforced hub length
1512, distal portion 1514, middle portion 1516, and proximal portion 1518. As discussed
previously, the length of the sheath body 1502 through which reinforcing layer 1508 extends
can be adjusted in order to prevent kinking along certain portions of sheath body 1502. For
example, in some implementations, reinforcing layer 1508 is absent in distal portion 1514 while
it is present in middle portion 1516. In such implementations, reinforcing layer 1508 may
extend into proximal portion 1518 to a variable depth, as shown by reinforced hub length 1512.
For example, the proximal end of reinforcing layer 1508 may terminate at the same longitudinal
point at which sheath hub 1510 terminates. In other implementations, as shown in illustrative
Figure 15, reinforcing layer 1508 may terminate at a longitudinal point that is distal of the

longitudinal point at which sheath hub 1510 terminates. In other implementations, the proximal
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end of reinforcing layer 1508 may terminate at a longitudinal point proximal of the longitudinal
point at which sheath hub 1510 terminates. The longitudinal point at which reinforcing layer
1508 terminates may be given by reinforced hub length 1512. For example, reinforced hub
length 1512 can extend into sheath hub 1510 to a desired depth in order to yield a desired kink
resistance along a certain length of the sheath. Reinforced hub length 1512 may be, for
example, two centimeters long, such that reinforcing layer 1508 terminates between 2
centimeters distal of the longitudinal point at which sheath hub 1510 terminates. In other
implementations, reinforced hub length 1512 may be one centimeter, such that reinforcing
layer 1508 terminates 1 centimeter distal the longitudinal point at which sheath hub 1510
terminates. In further implementations, reinforced hub length 1512 may be zero, such that
reinforcing layer 1508 terminates at the longitudinal point at which sheath hub 1510 terminates.
The specific distance between the point at which the reinforcing layer terminates and the point
at which the sheath hub terminates can be selected to yield a specific kink resistance between
those two points along the length of the sheath body. The surface of the reinforcing layer is
configured with discontinuities to facilitate the peeling away of the reinforcing layer. The
peeling away is initiated in the sheath hub, and for implementations having the reinforcing
layer extend into the sheath hub, the peeling away of the reinforcing layer is facilitated, as the
practitioner can directly apply the peel-away force to a portion of the sheath body containing

the reinforcing layer.

[0111] Figure 16 shows an illustrative introducer sheath assembly 1600 including a sheath
body 1700 (further described in relation to Figure 17) coupled to a sheath hub 1602. As
described further below in relation to Figures 17-19, the sheath body 1700 has a helical
design including two strips 1706 and 1708 of materials with different rigidities. At least one
benefit of this two-material helical design is the ability to obtain a sheath with composite
material properties, to improve flexibility while improving kink resistance. In one aspect, the
sheath body 1700 can have a ring design including alternating rings of materials with
different rigidities. In another aspect, the sheath body 1700 can have a longitudinal strip
design including alternating strips of materials with different rigidities. The sheath body
1700 and sheath hub 1602 both have proximal and distal ends. The distal end of the sheath
hub 1602 is coupled to the proximal end of the sheath body 1700. For example, the distal end
of the sheath hub is adhered or bonded to the proximal end of the sheath body. Alternatively,
the distal end of the sheath hub is integrally formed with the proximal end of the sheath body.
The sheath hub 1602 includes a gripping surface 1604 and notches 1606. The gripping
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surface 1604 may be formed of two diametrically opposed tabs, or any other suitable
geometry for gripping. The gripping surface 1604 facilitates a peel-away of the sheath hub
1602 and the sheath body 1700. During peel-away of the sheath, a force is applied to the
gripping surface 1604 (c.g. tabs as shown in Fig. 16) and the sheath hub 1602 is bisected
along its longitudinal axis, beginning with notches 1606. Notches 1606 can be axially
aligned along the length of the sheath hub and are oriented opposite each other. The notches
1606 on the sheath hub 1602 can be on an inner surface of the sheath hub 1602 or on an
outside surface of the sheath hub 1602. The sheath hub 1602 can be separated into two
pieces by breaking the sheath hub along the notches 1606 through the application of force to
the gripping surface 1604 of the sheath hub 1602. As described further below in relation to
Figures 20-23, the sheath body can have notches on an inside surface of the sheath body 1700
(Figures 20 and 21) or on an outside surface of the sheath body 1700 (Figures 22 and 23).
Notches along the sheath body 1700 may be replaced by score lines. The notches on sheath
body 1700 can align with notches 1606 in order to facilitate the peecl-away of the sheath hub
1602 and the sheath body 1700. At least one advantages of the notches or score lines on
sheath body 1700 is improving the ease with which the sheath may be peeled-away, cutting
across both helical strips of the sheath. The sheath body 1700 can be separated into two
picces after breaking the sheath hub 1602 by breaking the sheath body 1700 along the
notches of the sheath body 1700 through further application of force to the gripping surface
1604 of the sheath hub 1602.

[0112] The lumens of the sheath body 1700 and sheath hub 1602 are in fluid
communication, allowing for passage of a medical device between the sheath hub 1602 and
the sheath body 1700. In one aspect, the sheath hub 1602 includes a hemostasis valve. The
hemostasis valve can be sized to prevent fluid from exiting the proximal end of the hub
during the insertion of a medical device.

[0113] Figures 17 and 18 show an illustrative sheath body 1700 (e.g. the sheath body 1700
of Figure 16), comprising a distal end 1702, a proximal end 1704, a first strip 1706, and a
second strip 1708. The first strip 1706 and the second strip 1708 are oriented in alternating or
complementary helices extending from the distal end 1702 to the proximal end 1704 of the
sheath body 1700, forming a cylindrical lumen. As described further below in relation to
Figure 19, the inner diameter of the lumen, the widths of the first strip 1706 and the second
strip 1708, and the helix angle are correlated and the corresponding values selected to obtain
the desired sheath properties. The lumen can be sized to allow for the insertion of a medical

device. For example, the lumen can be sized to allow for the insertion of a percutaneous
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pump. The inner diameter of the lumen can range from 3Fr (1 mm) to 23Fr (7.67 mm). The
length of the sheath body 1700 can range from 7 cm (e.g. for percutancous axillary/sub-
clavian insertions) to 45 cm (e.g. for femoral transcaval insertions). For percutancous access
through the axillary/subclavian arteries the length of the sheath body can be shorter. In
contrast, for percutancous access through the femoral artery, a longer sheath body is needed.
[0114] The first strip 1706 and the second strip 1708 are made of materials having different
flexibility and rigidity. For example, the first strip 1706 is made of a first material having a
first rigidity and the second material is made of a second material having a second rigidity.
The first rigidity can be larger than the second rigidity. Examples of materials that can be
used as the first and second materials include polyether block amide (PEBA) materials,
polyethylene materials, and thermoplastic elastomers. Examples of PEBA materials that can
be used as the first and second materials include PEBAX 7233 and PEBEX 3533,
respectively. Low-density polyethylene (LDPE) and high-density polyethylene (HDPE) are
examples of polyethylene materials that can be used as the first material. Examples of
thermoplastic elastomers that can be used as the second material include styrene ethylene
butylene styrene (SEBS) and ethylene-vinyl acetate (EVA). For example, the first strip 206
can be made of PEBAX 7233 while the second strip 1708 is made of EVA. At least one
benefit of having the first strip juxtaposed with the second strip having different material
properties is the ability to select specific rigidity properties for the introducer sheath as a
whole.

[0115] The distal end 1702 of the sheath body 1700 can include a tapered tip. The tapered
tip maintains a constant inner diameter of the lumen of the sheath body 1700 but tapers the
outside wall of the sheath body 1700 in order to allow for a smooth transition at the distal end
1702 of the sheath body 1700. The tapered tip can be formed from the first material of the
first strip 1706, the second material of the second strip 1708, both the first material and the
second material, or a third material. If the tapered tip is formed from both the first material
and the second material, the tapered tip can be manufactured through thermoforming the
sheath body 1700 in a die. If the tapered tip is formed from the first material only, the second
material only, or a third material only, the tapered tip can be manufactured through
thermoforming a small tube of the selected tapered tip material onto the distal end 1702 of the
sheath body 1700. At least one advantage of the tapered tip is to minimize trauma to the
vasculature when inserting the sheath, while maintaining the desired material properties for
the sheath.
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[0116] Figure 19 shows a schematic profile of the flexible sheath body 1700 of FIG. 17 with
the first strip 1706 having a first width 1710 and the second strip 1708 having a second width
1712. Also shown in Figure 19 is helix angle 1714. Helix angle 1714 is defined as the
arctangent of the ratio of the inner diameter of the lumen of the sheath body 1700 to the
thicker of first width 1710 and second width 1712. The first width 1710 and second width
1712 can range from 0.17 mm to 3.83 mm. In one aspect, the first width 1710 and the second
width 1712 can be the same width. For example, the first width 1710 and the second width
1712 can be 1 mm. In another aspect, the first width 1710 and the second width 1712 can be
different widths. For example, the first width 1710 can be 3mm and the second width can be
I mm. The helix angle can vary from 0° to 90°. In the helix design, the helix angle 1714
preferably ranges from 60° to 80°. As mentioned above, the sheath body 1700 can
alternatively have a ring design including alternating rings of materials with different
rigidities or a longitudinal strip design including alternating strips of materials with different
rigidities. If using a ring design, the helix angle 1714 is 90° because each ring is
perpendicular with the lumen of the sheath body 1700. If using a longitudinal strip design,
the helix angle 1714 is 0° because each strip is parallel with the lumen of the sheath body
1700.

[0117] As mentioned above, sheath body 1700 can have notches that facilitate a peel away
of the sheath body 1700. The notches can be triangular in shape and form a part of a wall of
the sheath body 1700. The wall of the sheath body 1700 can range in thickness from 0.1 mm
to 1.67 mm. The notches can take up 50% to 90% of the total wall thickness. For example,
the thickness of the notches can be between 0.05 mm and 1.5 mm. Figures 20 and 21 show
an illustrative sheath body 1800 comprising a first inner notch 1802 and a second inner notch
1804. The first inner notch 1802 and second inner notch 1804 can be axially aligned along
the length of the sheath body 1800 and oriented opposite each other. The first inner notch
1802 and the second inner notch 1804 run along the inner surface of the sheath body 1800.
As described further below in relation to Figure 9, the first inner notch 1802 and the second
inner notch 1804 can be formed on a mandrel during the manufacturing of the sheath body
1800. Similarly, the inner notches 1606 of the sheath hub 1602 can be formed on a core pin
during the manufacturing of the sheath hub 1602. Putting notches on the inner surface of the
sheath body helps maintain a smooth circular outer profile of the sheath body while enabling
an casier peeling-away of the sheath, cutting across the helices of the first strip 1706 and

second strip 1708.
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[0118] Alternatively, the notches on the sheath body can be on the outer surface of the
sheath body. Figures 22 and 23 show an illustrative sheath body 1900 comprising a first
outer notch 1902 and a second outer notch 1904. The first outer notch 1902 and second outer
notch 1904 can be axially aligned along the length of the sheath body 1900 and oriented
opposite each other. The first outer notch 1902 and the second outer notch 1904 can be cut
out of the sheath body 1900 by skiving. Similarly, the outer notches 1606 of the sheath hub
1602 can be cut out of the sheath hub 1602, at least partially, by skiving. In another aspect,
the outer notches 1606 of the sheath hub 1602 can be formed with a geometry in a mold
during the manufacturing the of the sheath hub 1602. Putting the notches on the outer surface
of the sheath provides a smooth circular inner surface of the sheath to facilitate passage of
instruments and a device for insertion.

[0119] The sheath body 1700 can be made using a lamination process whereby the first strip
1706 and the second strip 1708 are wrapped around a lamination mandrel and heated to bond
together. Figure 24 shows a process 1900 of manufacturing the flexible sheath body 1700,
described above in relation to Figure 17, by lamination. At step 1702, a first strip 1706 of a
first material and a second strip 1708 of a second material are wrapped adjacently around a
mandrel. As mentioned above in relation to Figure 17, the first strip 1706 and the second
strip 1708 can be made of materials having different flexibility and rigidity. For example, the
first strip 1706 can be made of a first material having a first rigidity and the second material
can be made of a second material having a second rigidity. The first rigidity can be larger
than the second rigidity.

[0120] At step 1904, a first distal end of the first strip 1706 and a second distal end of the
second strip 1708 is secured. For example, the first distal end of the first strip 1706 and the
second distal end of the second strip 1708 can be pinched in place against the mandrel.
Alternatively, both distal ends can be entrapped within a restraining sheath, or held in place
by a temporary adhesive.

[0121] Atstep 1906, a first proximal end of the first strip 1706 and a second proximal end
of the second strip 1708 is secured. Any of the methods used to secure the distal ends of the
strips 1706 and 1708 can be used to secure the proximal ends of the strips 1706 and 1708.
[0122] Atstep 1908, a heat shrink tube is placed over the first strip 1706, the second strip
1708, and the mandrel. Heat is applied over the heat shrink tube, which heats the first strip
1706 and the second strip 1708 and bonds them to each other along the helical edges of each
strip. The heat shrink tube can be made of a polytetrafluorocthylene (PTFE) material, a

fluorinated ethylene propylene (FEP), or other suitable heat shrink material. The source of
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energy used to apply heat over the heat shrink tube can be a laser beam or any other suitable
heat generating method.

[0123] Atstep 1910, the heat shrink tube, first strip 1706, and second strip 1708 are heated.
During the heating, the heat shrink tube material remains intact (i.e. does not melt) whereas
first strip 1706 and second strip 1708 are reflowed and bonded together along the helical
edges of each strip.

[0124] At step 1912, the heat shrink tube is removed, leaving the bonded first strip 1706 and
the second strip 1708 on the mandrel.

[0125] At step 1914, the sheath body 1700, formed by the bonded first strip 1706 and
second strip 1708, is removed from the mandrel. For example, when the bonded strips may
be removed as a whole from the mandrel may depend on a length of time needed for the
bonded strips to cool down after the heat-shrink process is complete. As mentioned above in
relation to Figures 19 and 20, the mandrel can include protrusions with triangular geometries,
which can mold inner notches 1802 and 1804 onto the sheath body 1700. The triangular
geometries on the mandrel can be axially aligned along the length of the mandrel and
oriented opposite each other. The triangular geometries on the mandrel can have the
dimension of the desired inner notches 1802 and 1804. For example, the height of the
triangular geometries on the mandrel can range from 0.05 mm up to 1.5 mm. At least one
advantage of the manufacturing method described above includes the ability to obtain a
sheath with evenly bonded strips of two different materials, in order to obtain a sheath with
composite material properties having improved flexibility and kink-resistance for introducing
the sheath into a patient vasculature.

[0126] As mentioned above, the sheath body can be made from two strips of materials having
different rigidity. Alternatively, the sheath body can include an inner lumen made of a third
material. Figure 25 shows an illustrative sheath body 2100 comprising a first strip made of a
first material 2102, a second strip made of a second material 2104, and an inner lumen 2106.
In one aspect, sheath body 2100 comprises a ring design including alternating rings of materials
having different rigidities. In another aspect, sheath body 2100 comprises a longitudinal strip
design including alternating strips of materials having different rigidities. The inner lumen
2106 can be made of a third material having the same or different rigidity as the first and/or
second materials. In one aspect, the inner lumen 2106 can be made with the same material as
the first strip 2102 or the second strip 2104. In another aspect, the inner lumen 2106 can be
made from a lubricious material such as PTFE or FEP. Similar to sheath body 1800 discussed
in relation to Figures 20 and 21, sheath body 2100 includes first outer notch 2108 and a second
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outer notch 2110. The first outer notch 2108 and second outer notch 2110 can be axially
aligned along the length of the sheath body 2100 and oriented opposite each other. The first
outer notch 2108 and second outer notch 2110 can go through the thickness of the first strip
2102 and the second strip 2104. Alternatively, the first outer notch 2108 and second outer
notch 2110 can go through the thickness of the first strip 2102 and the second strip 2104 as
well as continue partially but not completely through the thickness of the inner lumen 2106.
As mentioned above, the first outer notch 2108 and the second outer notch 2110 can be cut out
of the sheath body 2100 by skiving. As discussed in relation to Figures 20 and 21, the notches
can alternatively be on the inner surface such that the first strip 2102 and the second strip 2104
are surrounded by an outer tube. By including inner lumen 2106 in sheath body 2100, a
consistent and smooth tear propagation can be achieved compared with sheath bodies 1700,
1800, and 1900. Having the first outer notch 2108 and second outer notch 2110 partially extend
through the thickness of the inner lumen 2106 increases the likelihood that the tear propagates
along the notches and decreases the likelihood that the tear propagates along the interface
between the first strip and the second strip.

[0127] The foregoing is merely illustrative of the principles of the disclosure and the
apparatuses can be practiced by other than the described aspects, which are presented for
purposes of illustration and not of limitation. It is to be understood that the apparatuses
disclosed herein, while shown for use in percutaneous insertion of blood pumps, may be
applied to apparatuses in other applications requiring hemostasis.

[0128] Variations and modifications will occur to those of skill in the art after reviewing this
disclosure. The disclosed features may be implemented, in any combination and
subcombination (including multiple dependent combinations and subcombinations), with one
or more other features described herein. The various features described or illustrated above,
including any components thereof, may be combined or integrated in other systems.
Moreover, certain features may be omitted or not implemented.

[0129] Examples of changes, substitutions and alterations are ascertainable by one skilled in
the art and could be made without departing from the scope of the information disclosed
herein. All references cited herein are incorporated by reference in their entirety and made

part of this application.
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