
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date (10) International Publication Number
5 July 2007 (05.07.2007) PCT WO 2007/075585 A2

(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
A61M 29/00 (2006.01) kind of national protection available): AE, AG, AL, AM,

AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
(21) International Application Number: CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,

PCT/US2006/048268 GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, IL, IN, IS,
JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK, LR, LS,

(22) International Filing Date: LT, LU, LV,LY, MA, MD, MG, MK, MN, MW, MX, MY,
15 December 2006 (15.12.2006) MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT, RO, RS,

(25) Filing Language: English RU, SC, SD, SE, SG, SK, SL, SM, SV, SY, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW

(26) Publication Language: English (84) Designated States (unless otherwise indicated, for every

(30) Priority Data: kind of regional protection available): ARIPO (BW, GH,

60/751,014 16 December 2005 (16.12.2005) US GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,

60/831,529 18 July 2006 (18.07.2006) US ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT,BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,

(71) Applicant (for all designated States except US): INTER¬ FR, GB, GR, HU, IE, IS, IT, LT, LU, LV,MC, NL, PL, PT,

FACE ASSOCIATES, INC. [US/US]; 27752 El Lazo RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,

Road, Laguna Niguel, California 92677 (US). GN, GQ, GW, ML, MR, NE, SN, TD, TG).

(72) Inventors; and Declaration under Rule 4.17:

(75) Inventors/Applicants (for US only): STUPECKY, Josef, — of inventor ship (Rule 4.17 (iv))

J. [US/US]; 30662 Via Estoril, Laguna Niguel, Califor Published:
nia 92677 (US). MABRY,Eric [US/US]; 32812Larkgrove — without international search report and to be republished
Circle, Trabuco Canyon, California 92679 (US). upon receipt of that report

(74) Agent: DELANEY, Karoline A.; Knobbe, Martens, O l For two-letter codes and other abbreviations, refer to the "G uid

son & Bear, LLP, 2040 Main Street, 14th Floor, Irvine, Cal ance Notes on Codes and Abbreviations" appearing at the beg in
ifornia 92614 (US). ning of each regular issue of the PCT Gazette.

(54) Title: MULTI-LAYER BALLOONS FOR MEDICAL APPLICATIONS AND METHODS FOR MANUFACTURING THE
SAME

(57) Abstract: A multi-layered balloon (120) is provided where each layer is formed such that each layer is made from tubing that
optimizes the inner wall stretch thus providing maximum balloon strength. The high pressure, multi -layer balloon (120) is provided
with layers (100), (110) that allow for slipping, such that the balloon (120) has a very high pressure rating and toughness, yet excellent
folding characteristics. Methods for producing such multi-layer balloons (120) using existing balloon forming equipment are also
provided. The multi-layer balloons (120) can have alternating structural (102), (112) and lubricating layers (114), or layers with
low-friction surfaces. The multi-layer balloons (120) are preferably manufactured using a variety of methods including nesting,
co-extrusion, or a combination of nesting and co-extrusion. The multi-layer balloons (120) have balloon layers (100), (110) having
substantially similar, or the same, high degree of biaxial orientation of their polymer molecules such that each balloon layer of the
multi -layer balloon (120) will fail at approximately the same applied pressure.



MULTI-LAYER BALLOONS FOR MEDICAL APPLICATIONS AND METHODS

FOR MANUFACTURING THE SAME

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority under 35 U.S.C. § 119(e) to United

States Provisional Application Serial No. 60/751,014 filed on December 16, 2005,

entitled "Very High Pressure Multi-Layer Balloons for Medical Applications and

Methods for Manufacturing Same," the entire content of which is hereby incorporated by

reference, and to United States Provisional Application Serial No. 60/831,529 filed on

July 18, 2006, entitled "Multi-Layer Balloons for Medical Applications and Methods for

Manufacturing the Same," the entire content of which is hereby incorporated by reference.

BACKGROUND OF THE INVENTION

Field of the Invention

[0002J Embodiments of this invention relate generally to balloon catheters and

methods for making balloon catheters for medical applications. In particular,

embodiments of this invention relate to multi-layer balloon catheters having at least two

structural layers and at least one lubricating layer that can be formed through a nesting

method.

Description of the Related Art

[0003] An increasing number of surgical procedures involve percutaneously

inserted devices that employ an inflatable thin wall polymer balloon attached to the distal

end of a small diameter hollow shaft called a catheter. The device can be advanced to the

treatment site via an artery, vein, urethra, or other available passage beneath the skin. The

shaft usually exceeds 130 cm in length so that the balloon can be positioned deep within

the patient's body. The opposite (proximal) end of the shaft, typically having an inflation

connector, remains external to the patient.

[0004] When a balloon is advanced to a treatment site, the balloon is deflated

and tightly wrapped around the shaft to minimize its cross-section and facilitate easy

insertion and navigation through the passage. After reaching the desired location, the

balloon is slowly inflated with a high pressure saline solution. The balloon walls unfold



and expand radially. During this process a substantial radial force can be exerted by or on

the balloon walls. This hydraulically generated radial force can be utilized for a number

of different medical procedures such as, for example, vessel dilation, stent deployment,

passage occlusion, and bone compression or distraction (such as distraction of vertebrae

in the spinal column).

[0005J Several factors can limit the force a balloon can exert while within a

patient. For example, for a particular cross-sectional balloon size, the design of a balloon,

the material used to construct the balloon, and the structural integrity of a balloon can

limit the force a balloon can exert without failing (e.g., bursting). Minimizing the risk of

balloon bursting can be important in many medical procedures because, upon bursting,

balloon debris may become lodged within a patient causing potentially severe trauma.

Additional, higher pressures may be needed to affect the treatment.

[0006] The hydraulically generated pressure, as noted above, typically exerts

two types of stress on the balloon. Radial stress (or hoop stress) pushes a cylindrically-

shaped balloon radially outward. Radial stress can lead to axial bursting of the balloon

parallel to its longitudinal axis. Axial stress, on the other hand, pushes a cylindricalIy-

shaped balloon axially outward. Axial stress can lead to radial bursting of the balloon

somewhere along the balloon's circumference (e.g., complete fracture of the balloon).

[0007] Both radial stress and axial stress have a linear relationship in pressure

to the balloon's wall thickness and the ratio of the balloon's diameter to the balloon's wall

thickness. As a result, any increase in pressure or diameter size requires an equally

proportional increase in the balloon's thickness to avoid a critical pressure level (i.e.,

burst pressure) that will cause the balloon to burst. Generally, radial stress is twice as

large as axial stress, so balloons will frequently burst axially absent some deformity or

preprocessing. However, in the presence of balloon deformities, a balloon may burst

radially. Such a radial bursting could disadvantageously leave separated sections of the

balloon inside the patient after the catheter is removed.

[0008] Increasing balloon wall thickness also increases the cross-section of the

balloon when deflated and wrapped for insertion. Consequently, a balloon having an

increased balloon wall thickness might have limited access to certain areas in a patient

due to the balloon's increased size. Typically, the balloon's stiffness varies as a cube of

the balloon's thickness. For example, doubling the balloon's wall thickness results in

doubling the burst pressure or the balloon diameter without bursting, but also increases



the stiffness by a factor of eight. This added wall stiffness impairs one's ability to tightly

wrap the balloon around the catheter shaft, which is necessary to limit the size of the

balloon's cross-sectional area. If the balloon is bent too much beyond its stiffness,

undesirable deformities may result. Usually, a balloon having a wall thickness of less

than .0022 inches must be used to avoid the above-mentioned problems.

[0009] Balloon deformities can be caused in many situations such as during

formation, by scratching, by stretching, or by bending. These deformities lead Io a

concentration of stress when the balloon is subject to pressure, which can lead to further

deformation and ultimately a lower critical burst pressure. Scratching of the balloon by a

device attached to the catheter, such as a stent, is a relatively common concern.

[0010] A number of techniques are being used to modify balloon properties in

order to improve balloon functionality. These techniques include blending different types

of polymers, adding plasticizers to balloons, and modifying parameters of the balloon

forming process. These methods are often not entirely successful in creating a more

desirable balloon with improved mechanical characteristics. Typically, these known

techniques improve one balloon perfoπnance parameter while deteriorating another

parameter.

[0011] Some have attempted to resolve this problem by using multi-layer

balloons. For the reasons described below, these prior art multi-layer balloons also have

serious deficiencies.

SUMMARY OF THE INVENTION

[0012] One aspect of embodiments of the present invention involves creating

multi-layer balloons ' where each layer is made from tubing that optimizes the inner wall

stretch thus providing maximum balloon strength. The multi-layer balloons have very

high pressure ratings and toughness, yet excellent folding characteristics. Methods for

producing such multi-layer balloons using existing balloon forming equipment are also

provided.

[0013] Another aspect comprises a balloon with two structural layers having a

slip layer disposed between the structural layers. The slip layer advantageously allows

sliding between adjacent layers. As a result, flexibility of the multi-layer balloon is

increased over single layer balloons having an equal wall thickness. Other aspects

involve a different number of structural layers and lubricating layers, such as, for



example, three structural layers and two lubricating layers, four structural layers and three

lubricating layers, and five structural layers and four lubricating layers.

[0014J Another aspect involves a multi-layer balloon where each balloon layer

has the same size (e.g., diameter and/or wall thickness), is comprised of the same material

or materials having substantially identical mechanical properties, and has the same degree

of molecular orientation in the body portion of the balloon. It will be apparent that in

some situations it will be desirable to have some balloon layers having different sizes,

materials, and/or degree of molecular orientations upon deflation, while at the same time

having equivalent size, mechanical properties, and/or orientation upon inflation. For

other applications, it will be apparent that one can vary size, material, and/or orientation

to at least some degree while still remaining within the spirit of the invention.

[0015] Another aspect comprises a balloon with a plurality of layers, wherein

at least one structural layer has low friction surfaces. It will be apparent that further

variations are possible involving different combinations of lubricating layers and

structural layers. These lubricating and structural layers need not be in an alternating

configuration.

[0016] In yet another aspect, structural layers can be polyamides, polyesters,

polyethylenes, polyurethanes and their co-polymers. It will be apparent that further

variations are possible involving structural layers of other material or chemical

composition.

[0017] In one aspect of embodiments of the present invention, the layers can

be adapted to the particular stresses, pressures, and deformities to which they might be

vulnerable. For example, because the top layer might be exposed to sharp objects (such

as stents, calcified plaque, bone, or other natural protrusions within a patient's body), the

top layer could be made from a more compliant material that is scratch resistant. The

inner layers of the multi-layer balloon, which are generally not exposed to sharp objects,

could be made from a less compliant material with a higher burst strength. It will be

apparent that further variations are possible, depending on which stresses, pressures, and

deformities the layers must withstand in a particular medical application.

[0018] In another aspect, lubricating layers can be silicon oil, "bucky balls"

(carbon nanopowder), high-density polyethylene, tetrafiuoroethylene, or a mixture

thereof. It will be apparent that further variations are possible involving lubricating layers

of other material or chemical composition.



[0019] Another aspect involves a method for creating multi-layer balloons

with low friction interfaces by nesting multiple balloons or by nesting co-extruded tubing.

It will be apparent that these methods can be combined with each other and other balloon

forming methods to produce larger multi-layer balloons.

[0020] In one aspect, the bodies of the balloons can be extruded separately on

the same mold to ensure that they have equivalent, or substantially equivalent, size. The

necks, however, might need to be different sizes to ensure optimal welding and/or

attachment to the catheter. It will be apparent that other methods can be used to obtain

approximately equivalent sized balloons. It will also be apparent that similar results can

be achieved by making the outer balloon wider than the inner balloon.

[00213 I another aspect, separately formed balloons can be nested after

altering the orientation of one balloon to make it thinner, facilitating insertion. One way to

accomplish this is by axial stretching. It will be apparent that other methods can be used

to make a balloon thinner.

[0022] In another aspect, already nested balloons can be heated, stretched, and

inflated simultaneously to achieve optimal molecular alignment. It will be apparent that

this need not be done simultaneously, especially when nesting can be done after the

balloons are heated, stretched, and inflated to equivalent size and orientation. Similarly, it

will be apparent that the balloons need not be formed and processed identically to obtain

equivalent burst strengths, sizes, and/or molecular orientations. This is especially true for

balloons of different materials. Other suitable methods can also be used to achieve

uniform molecular alignment among the balloon layers.

[0023] In yet another aspect, lubricant can be added at any stage of the multi¬

layer balloon forming process. The lubricant can be co-extruded onto or between balloon

layers, applied to balloon layers after extrusion but before nesting, or injected between

balloon layers after nesting. In one embodiment, lubricant can be kept separate from

certain regions of the balloon. This can be valuable to promote friction in that area if

desired. This can also be valuable if the lubricant interferes with welding the balloon

layers to each other or to the catheter. In another embodiment, lubricant can be

distributed between the balloon layers before or after balloon welding. It will be apparent

that this can be accomplished under a wide variety of methods.

[0024] In another aspect of embodiments of the present invention, already

nested or co-extruded balloons can be treated as a single balloon in the context of this



invention. As a result, one can manufacture balloons with a greater numbers of layers

than those specifically disclosed herein.

[0025] In another aspect of embodiments of the present invention, tubing for

the outer balloon can be co-extruded with a lubricious layer on its inside wall. Tubing for

the inner balloon, which would not possess a lubricious layer, can be stretch

longitudinally to fit within the tube for the outer balloon. This nested tube arrangement

can then be used to blow a balloon in a single process. Note that longitudinal stretch does

not affect the tubing's radial stretch. This embodiment is an important consideration

because trying to longitudinally stretch a tube with a co-extruded lubricious layer, such as

by stretching a tube with a lubricious outer layer to nest within another tube, would result

in sagging or separation of the lubricious layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] These and other features, aspects, and advantages of the present

invention will now be described in connection with preferred embodiments of the

invention shown in the accompanying drawings. The illustrated embodiments, however,

are merely an example and are not intended to limit the invention. The drawings include

twenty-five figures, which are briefly described as follows:

[0027] Figure IA is a perspective view of an exemplary prior art balloon

catheter.

[0028J Figure IB is an enlarged perspective view of a cross-section of a prior
' art balloon catheter shaft.

[0029] Figure 2 is a perspective view of a balloon catheter having a plurality

of flutes.

[0030] Figure 3A is a cross-sectional view of a fluted balloon catheter before

wrapping has been performed.

[0031] Figure 3B is a cross-sectional view of a fluted balloon catheter after

wrapping.

[0032] Figures 3C through 3E are enlarged cross-sectional views of three

different fluted balloon catheters after wrapping.

[0033] Figure 3F is an enlarged cross-sectional view of a fluted balloon

catheterafter wrapping and compression.



[0034] Figure 4 is an enlarged cross-sectional view of a fluted balloon catheter

that has developed a crack deformity upon wrapping.

[0035] Figure 5 is a perspective view of a balloon catheter that has developed

a scratch deformity.

[0036] Figure 6 is a perspective view of a balloon catheter that has developed

a cat-eye deformity.

[0037] Figure 7A is an enlarged cross-sectional view of a fluted multi-layer

balloon catheter after wrapping.

[0038] Figure 7B is an enlarged cross-sectional view of a fluted single layer

balloon catheter after wrapping.

[0039] Figure 8A is a cross-sectional view of a multi-layer balloon catheter

after inflation.

[0040] Figure 8B is a cross-sectional view of a single layer balloon catheter

after inflation.

[0041] Figure 9 is a schematic showing the stretching of polymers to align

their molecular chains through a blow molding process.

[0042] Figure 10 is a stress-strain curve with strain, or the amount that a

balloon will stretch, on the x-axis and stress, or the applied pressure, on the y-axis. Figure

10 shows that once optimal stretch is achieved, a balloon material will have its greatest

strength and will resist further growth.

[0043] Figure 11 is a diagram illustrating the inner diameter stretch and the

outer diameter stretch of single-layer balloon tubing when expanded and showing that the

outer diameter stretch is less than the inner diameter stretch.

[0044] Figure 12 is a stress-strain curve showing that when the inner wall

stretch of single-layer balloon tubing is optimized, the outer wall stretch is sub-optimal

and will continue to expand when applied pressure is increased.

[0045] Figure 13 is a diagram illustrating the inner and outer radii of single-

layer balloon tubing in an unexpanded and an expanded state.

[0046] Figure 14 is a graph showing single-layer balloon catheters having

diameters of 2 mm, 4 mm, and 6 mm, with wall thickness on the x-axis and the ratio of

inner wall stretch to outer wall stretch on the y-axis.

[0047] Figure 15 is a schematic showing the wall profile of a single-layer

balloon catheter that is represented in the graph of Figure 16.



[00481 Figure 16 is a graph of a single-layer balloon catheter showing the

relative stretch ratio as a function of wall slice with wall position on the x-axis and

percentage of inner balloon stretch on the y-axis.

[0049] Figure 17 is a graph of a single-layer balloon catheter and a two-layer

balloon catheter manufactured from co-extruded tubing. Figure 17 shows the inner

stretch of wall slices of the two-layer balloon relative to the inner stretch of corresponding

wall slices of the single-layer balloon.

[0050] Figure 18 is a graph of a single-layer balloon catheter and two-layer

balloon catheter manufactured from tubing in which the inner wall stretch has been

optimized for maximum strength. Figure 18 shows the inner stretch of wall slices of each

layer of the two-layer balloon relative to the inner stretch of corresponding wall slices of

the single-layer balloon.

[0051] Figure 19A is a perspective view of a balloon catheter having an

element shown aligned in a longitudinal direction and in a lateral direction.

[0052] Figure 19B is an enlarged perspective view of the longitudinally-

aligned element of the balloon catheter as shown in Figure 19A.

[0053] Figure 20A is a diagram of a single layer element with a small

thickness bending like a cantilevered beam shown with an applied force and a maximum

deflection.

[0054] Figure 2OB is a diagram of a single layer element with a large thickness

bending like a cantilevered beam shown with an applied force and a maximum deflection.

[0055] Figure 2OC is a diagram of a multi-layer element with three layers each

having small thicknesses bending like a cantilevered beam shown with an applied force

and a maximum deflection.

[0056] Figure 2OD is an enlarged side clcvational view of the multi-layer

element shown in Figure 20C.

[0057] Figure 2 1 is a cross-sectional view of a portion of a multi-layer balloon

having a discontinuous lubricating layer.

[0058] Figure 22A is a side elcvational view of an inner balloon used in a

method for nesting balloons to form a multi-layer balloon.

[0059] Figure 22B is a side elevational view of the inner balloon after heating

and stretching of the method for nesting multi-layer balloons of Figure 22A.



[0060] Figure 22C is a side elevational view of the inner balloon after fluting

of the method for nesting multi-layer balloons of Figure 22A.

[0061] Figure 22D is a side elevational view of the heated, stretched, and

fluted inner balloon and an outer balloon used in the method for nesting multi-layer

balloons of Figure 22A.

[0062] Figure 22E is a side elevational view of a multi-layer balloon where

lubrication is being applied between the inner balloon and the outer balloon of the method

for nesting multi-layer balloons of Figure 22D.

[0063] Figure 22F is a side elevational view of the multi-layer balloon after

heating, stretching, and inflating so that the inner balloon and the outer balloon have the

same, or a substantially similar, degree of molecular alignment of the method for nesting

multi-layer balloons of Figure 22D.

[0064] Figure 22G is a side elevational view of the multi-layer balloon after

fluting of the method for nesting multi-layer balloons of Figure 22D.

[0065] Figure 23A is a side elevational view of a three layer balloon and a two

layer balloon used in a method for co-extruding balloons to form a multi-layer balloon.

[0066] Figure 23B is a side elevational view of the three layer balloon after

heating and stretching so as to the decrease the diameter of the three layer balloon prior to

insertion into the two layer balloon of the method for co-extruding multi-layer balloons of

Figure 23A.

[0067] Figure 23C is a side elevational view of the three layer balloon having

a decreased diameter being inserted into the two layer balloon having its original diameter

of the method for co-extruding multi-layer balloons of Figure 23A.

[0068] Figure 23D is a side elevational view of a multi-layer balloon having

five layers after heating, stretching, and inflating so that . the three layer balloon

component and the two layer balloon component have the same, or a substantially similar,

degree of molecular alignment of the method for co-extruding multi-layer balloons of

Figure 23A.

[0069] Figure 24A is a side elevational view of a multi-layer balloon formed

using the methods disclosed showing a method for welding the necks of the multi-layer

balloon in order to securely attach the balloon layers to each other.

[0070] Figure 24B is a side elevational view of the multi-layer balloon having

its necks welded of Figure 24A.



[0071] Figure 25A is a side elevational view of a single-layer tubular extrusion

without a slip layer and a single-layer tubular extrusion of the same size having a slip

layer on its inner surface used in a method to form a two-layer high pressure balloon.

[0072] Figure 25B is a side elevational view of the single-layer tubing without

a slip layer after axial stretching to decrease its diameter prior to insertion into the single-

layer extrusion having a slip layer on its inner surface in the method for nesting two-layer

balloons of Figure 25A.

[0073] Figure 25C is a side elevational view of the single-layer extrusion

having a decreased diameter being inserted into the single-layer extrusion having its

original diameter in the method for nesting two-layer balloons of Figure 25A.

[0074] Figure 25D is a side elevational view of a two-layer parison comprising

a first balloon layer, a slip layer, and a second balloon layer such that the first balloon

layer and the second balloon layer have the same, or a substantially similar, degree of

molecular alignment in the method for nesting two-layer balloons of Figure 25A.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0075] Embodiments of the present invention will now be described more

folly hereinafter with reference to accompanying drawings, in which preferred

embodiments are shown. This invention may, however, be embodied in many different

forms and should not be construed as limited to the embodiments set forth herein; rather,

these embodiments are provided so that this disclosure will be thorough and exemplary of

the scope of the invention to those skilled in the art.

[0076] Figures IA and IB show an exemplary embodiment of a prior art

balloon catheter system 1. A balloon 2 is attached to the distal end of a catheter shaft 3

and is inflated through an inflation lumen 4 . A guide wire lumen 5 is provided on the

catheter system 1, which allows for external control of the balloon 2 and the catheter 3

when the system 1 is disposed within a patient. It should be noted that further variations

(e.g., rapid exchange, concentric lumen, etc.) are possible for this structure.

(0077] Figure 2 illustrates a perspective view of an embodiment of a prior art

catheter balloon 2 in an unwrapped and deflated configuration. The balloon 2 is folded

into a plurality of flutes 6, typically ranging from three to eight flutes. The plurality of

flutes 6 are formed in a direction substantially parallel to a longitudinal direction of the

balloon 7. The plurality of flutes 6 are folded with a slight curvature in order to facilitate



subsequently wrapping the fluted balloon 2 around the catheter shaft 3 (as shown in

Figure IA). The balloon 2 attaches to the catheter shaft 3 both at a proximal neck of the

balloon 50 and at a distal neck of the balloon 51. The balloon 2 also includes a body

portion 52, which can be inflated and deflated when the balloon 2 is disposed within the

body of a patient during a particular medical procedure.

[0078] Figure 3A shows a cross-section of an embodiment of a prior art fluted

balloon 2 on a catheter shaft 3. The fluted balloon 2 has a plurality of flutes 6. In the

illustrated embodiment, the plurality of flutes 6 comprises six flutes. The deflated fluted

balloon 2 has a relatively small cross-sectional area, but can have a relatively wide

diameter because the thin flutes 6 stretch radially outward from the catheter shaft 3. Upon

inflation, the balloon 2 can expand to have a much larger diameter and cross-sectional

area 8, as shown in the circular phantom lines in Figure 3A.

[0079] Figure 3B shows a cross-section of an embodiment of a prior art fluted

balloon 2 after it has been wrapped. The plurality of flutes 6 are folded down and about

the catheter shaft 3 such that they are in close contact with each other and the catheter

shaft 3. Once the balloon 2 is wrapped, the deflated balloon's diameter and cross-sectional

area 9 (sometimes referred to as the crossing profile) is much smaller than the inflated

balloon's diameter and cross-sectional area 8 (as seen in the circular phantom lines in

Figure 3B). Having a balloon 2 with a small diameter and cross-sectional area 9 allows

the catheter 2 to be guided through smaller passageways within a patient's body. Inflating

the balloon 2 to have a larger diameter and cross-sectional area 8 advantageously allows

for the placement of a larger stent, occlusion of a larger passageway, and generally greater

versatility once the catheter 2 has reached a particular treatment site within a patient's

body.

[0080] Figures 3C through 3E generally illustrate enlarged views of several

configurations of balloon folding patterns. Figure 3C illustrates an enlarged side

elevational view of a cross-section of a prior art fluted balloon 2c after wrapping. As

shown in Figure 3C, the reduction in size of the wrapped balloon 2c about the catheter

shaft 3 is limited by the balloon's bend radius 10c. In general, a balloon's bend radius

increases with the thickness and toughness of the balloon, as can be seen by comparing

Figure 3C with Figures 3D and 3E. Figure 3D shows a balloon 2d that is thicker than the

balloon 2c shown in Figure 3C. As can be seen in Figure 3D, the bend radius 1Od for the

thicker balloon 2d is larger than the bend radius of the balloon 2c in Figure 3C. Figure 3E



shows a balloon 2e having the same thickness as the balloon 2c of Figure 3C, but being

composed of a tougher material than that of the balloon in Figure 3C. As can be seen in

Figure 3E, the bend radius 1Oe for the tougher balloon 2e is also larger than the bend

radius of the balloon 2c in Figure 3C. Accordingly, both a thicker balloon 2d and a

tougher balloon 2e typically cannot be folded into as small a cross-section as the balloon

2c of Figure 3C. The bend radius of a balloon is important because bending a balloon

beyond its bend radius can cause deformities which will lower the balloon's resistance to

bursting when inflated.

[0081] Figure 3F shows a balloon 2f wrapped about a catheter shaft 3. The

balloon 2f has a negligible bend radius and can, therefore, be tightly wrapped about the

catheter shaft 3 without any protrusions developing on the outer surface of the folded and

wrapped balloon 2f. Advantageously, this configuration permits the diameter and the

cross-section of the balloon 2f to be minimized prior to, and during, insertion of the

balloon catheter system into a patient's body. In addition, as discussed in further detail

below, this configuration minimizes failure of the balloon 2f during a medical application

due to a deformity developing on the balloon's outer surface.

[0082] Figures 4 through 6 generally show deformities that can develop on a

balloon's outer surface. As shown in Figure 4, a wrapped balloon 2 is folded and

compressed beyond its bend radius 10 creating a crack 11 in the outer surface of the

wrapped balloon 2 near the site of a fold. Such cracking is more likely for less compliant

materials, which also generally have higher burst strengths. Thus, there is a general trade

off between burst strength and flexibility. Once the crack 11 has formed, stress will

concentrate near the crack 11 when the balloon 2 is inflated, causing the crack 11 to

expand and ultimately causing failure of the balloon 2 (e.g., by bursting).

[0083J Figure 5 shows another deformity that occurs in balloons. When a

medical device such as a stent is applied over a balloon 2, it can create a scratch 12. The

scratch 12 generally extends in the longitudinal direction of the balloon 2. Again, the

likelihood of scratching can be minimized by using a more compliant material, which also

has a lower burst strength. Once the scratch 12 has formed, stress will concentrate near

the scratch 12 when the balloon 2 is inflated, causing the scratch 12 to expand and

ultimately causing failure of the balloon 2 (e.g., by bursting).

[0084] Figure 6 illustrates yet another type of deformity. When a balloon is

formed, there may be regions of low molecular density or imperfections in the molecular



lattice. As a result, a small hole 13 can form upon stretching the balloon 2. The hole 13

can grow as the balloon 2 is stretched further, often resembling a "cat-eye." Stress

concentrates near the edges of the cat-eye deformity 13. Since the balloon 2 is stretched

during inflation, this can also lead to failure of the balloon 2 (e.g., by bursting).

[0085] Figure 7A and 8A show an enlarged cross-section of an embodiment of

a multi-layer balloon 2 having a first layer 20, a second layer 22, and a third layer 24. In

one embodiment, in which the multi-layer balloon 2 comprises a balloon having three

structural layers, the first layer 20 comprises a top layer of the multi-layer balloon, the

second layer 22 comprises a middle layer of the multi-layer balloon, and the third layer 24

comprises a bottom layer of the multi-layer balloon. The multi-layer balloon 2 is shown

in the wrapped position, similar to position illustrated in Figure 3C. The first layer 20 of

the multi-layer balloon has a thickness that is approximately one-third the thickness of the

single-layer balloon shown in Figure 3C. The second layer 22 and the third layer 24 also

each have a thickness that is approximately one-third the thickness of the single-layer

balloon shown in Figure 3C. Because each layer 20, 22, 24 is thinner than the single-layer

balloon of Figure 3C, the bend radius 10 is smaller for an equal cumulative thickness 3t.

Because the cumulative thickness of the multi-layer balloon 2 of Figure 7A is

substantially the same as the thickness of the single-layer balloon of Figure 3C, the burst

pressure P will also be the substantially the same as long as adjacent balloon layers of the

multi-layer balloon can slide relative to each other.

[0086] As shown in Figures 7B and 8B, a balloon 2 with a single layer has a

total thickness 3t that is equivalent the thickness of the multi-layer balloon 2 shown in

Figures 7A and 8A. As shown in Figure 7B, the thicker balloon 2 has a larger bend radius

10, and thus cannot be folded as closely to the catheter shaft 3. If a scratch develops on

the first layer 20 of the multi-layer balloon during the crimping and wrapping process, the

first layer 20 could burst while, at the same time, the other balloon layers 22, 24 retain

their structural integrity. More generally, a single balloon layer 20, 22, 24 might fail as a

result of a deformity, such as those shown in Figures 4 through 6 on any layer 20, 22, 24.

As a result, the multi-layer design provides redundancy that could be valuable in certain

medical procedures. Furthermore, because the multi-layer design is more flexible, as

discussed below, deformities as shown in Figure 4 are less likely to occur. Meanwhile,

the burst pressure P for a multi-layer balloon is substantially the same as that for an

equivalent thickness single layer balloon, as can be seen by comparing Figure 8A with



Figure 8B. It will be apparent that similar effects can be achieved by varying the material

in each balloon layer, varying the number of balloon layers, and varying other aspects of

this embodiment.

|0087] In one embodiment, the first layer 20 of the multi-layer balloon is made

of a soft material that is preferably scratch and puncture resistant. When a device such as

a stent is applied to the catheter system, it is typically crimped onto the balloon 2. The

applied crimping force should be such as to provide a sufficiently strong attachment force,

yet it should also not scratch, pierce, or otherwise damage the balloon wall. By using a

softer first layer 20 (which can comprise an outer layer of the multi-layer balloon), the risk

of failure due to scratching can be decreased.

[0088] The second layer 22 and the third layer 24 (which can comprise inner

layers of the multi-layer balloon) can be made of a tougher material that is less scratch

resistant, but able to withstand higher applied pressures. These layers 22, 24 can be

protected from scratching by the soft outer layer 20, but still can provide additional

strength to the multi-layer balloon. It should be noted that the above-described effects

need not always be achieved simultaneously, and they are not necessarily sensitive to the

number of layers, composition of other layers, form of device carried by the catheter, or

other aspects of this embodiment.

[0089] As is discussed in greater detail below, each layer 20, 22, 24 may be

equally sized and shaped in the body portion 52, in order to optimize the burst

characteristics of the balloon in accordance with the present invention. As the balloon is

inflated, each layer is stretched, causing the thickness to shrink. This causes the third

balloon layer 24 to stretch approximately as far as the first balloon layer 20. If the third

balloon layer 24 begins with a smaller diameter than that of the first layer 20, then the

third layer 24 must stretch an additional amount to match the size of the first balloon layer

20. This can cause the inner balloon layers 22, 24 to burst before the outer balloon layer

20, which can limit the multi-layer balloon's maximum inflation to a level that inflates the

larger outer balloon layer 20 below its optimal inflation level. Consequently,- using

substantially identical balloons for each layer of the multi-layer balloon makes each

balloon layer have a substantially similar burst pressure, ensuring that they burst

substantially simultaneously and reducing the possibility of sub-optimal inflation of any

layer 20, 22, 24 of the multi-layer balloon. It will be apparent that balloons of different

material may require different sizes and shapes to achieve this effect. It will also be



apparent that, because the balloons still do not stretch to exactly equal diameters upon

inflation, it may be practical to make the inner balloons slightly smaller such that each

layer stretches to substantially near its optimal inflation level.

[0090] One general problem with multi-layer balloons is that the interior

balloon layer often bursts before the exterior balloon layer. This occurs because the outer

layers have not been optimized for maximum wall strength.

10091] The interior balloon layer bursts prior to exterior balloon layers

because the multi-layer balloon does not comprise layers having uniform burst strengths.

This is primarily a result of not taking into account the confounding effect of radial

expansion on achieving optimal radial stretch during the balloon blow molding process.

J0092] With reference to Figures 9 and 10, an objective of blow molding in

balloon formation is to stretch the polymer material in order to achieve maximum strength

and semi-compliance. This is done by aligning the molecular chains as shown in Figure 9.

During the stretching process, the material will grow until the polymer chains are aligned.

Once the polymer chains are aligned, the material resists further growth and provides

maximum strength. This is shown on the idealized stress-strain curve in Figure 10. In

response to the strain caused by stretching, the material exhibits relatively even stress.

Once the polymer chains are aligned, the material resists further growth as shown by an

increase in stress. In the ideal cases, all polymer chains will be uniformly stretched.

Various polymer materials will have different ideal stretch ratios in order to achieve

uniform molecular alignment.

[0093] Optimum stretch for a multi-layer, high-pressure, balloon is dependent

upon a number of variables. For a given material, there is a calculated optimum stretch

that provides optimum strength of the multi-layer balloon. The calculated optimum

stretch is dependent upon, for example, the diameter of the balloon and the thickness of

the layers which comprise the multi-layer, high-pressure, balloon. Practically, it is very

difficult to stretch- a balloon to its exact optimum stretch. Thus, for most applications,

stretching a material to within 15% of its optimum stretch, and preferably to within less

than 10%, will provide optimum balloon strength.

[0094] During the balloon forming process, the polymer material is stretched

both radially and longitudinally in order to achieve biaxial orientation of the polymer

chains. However, radial stress is twice that of longitudinal stress. As a result, optimizing

the radial stretch is more important to burst resistance than longitudinal stretch.



[0095] With reference to Figures 1 1 and 12, radial stretch confounds the goal

to achieve a uniform stretch of the polymer material. The reason for this is that balloons

are blow molded from tubing having thicker walls. As shown in Figure 11, because of the

difference in wall thickness the stretch of the inner wall of the initial tubing to that of the

balloon will be greater than that of the respective outer wall stretch. In view of the non¬

uniform stretch between the inner wall and the outer wall of the tubing, a problem

encountered in the art is optimizing the radial stretch of the balloon tubing. If the outer

wall stretch be optimized, then the inner wall becomes over-stretched. Consequently, the

inner wall will develop micro-tears which can lead to premature failure of the balloon

tubing. Therefore, a feasible solution to this problem is to optimize the radial stretch

based on the inner wall rather than the outer wall.

[0096] As shown in the stress-strain curve in Figure 12, the outer wall is

under-stretched when optimizing radial stretch based upon the inner wall of the balloon.

When the inner wall achieves optimal alignment of its polymer chains, as shown on the

stress-strain curve, the outer wall has not yet reached optimal alignment of its polymer

chains, as shown by being further down the stress-strain curve of Figure 12. If the inner

portion of the balloon wall fails, the outer portion will continue to stretch thus providing

no additional strength to the balloon wall.

[0097] The relative under-stretching of the outer wall can be substantial. This

can be shown using a mathematical model relating the radial expansion of a smaller-

diameter hollow cylinder with a given wall thickness (the initial extruded tube) to a

hollow cylinder with a larger diameter and thinner walls (the blow molded balloon body).

Figure 13 shows the various radii to be taken into account from a cross section of the tube

and balloon. Of particular interest will be the inner wall stretch (S, = Ri /r,) and the outer

wall stretch (S0 = R0 / ro). As S, is given as being the optimized radial stretch, the relative

ratio of S0 /Si will used to demonstrate the confounding effect of radial stretch on uniform

wall strength.

[0098] Formula I, set forth below, shows the equation for the mass (M) of a

hollow cylinder based on its radius (r), length (L) and density (p). In expanding the

hollow cylinder represented by the tube to a balloon, the mass remains the same.

Accordingly, there is a fixed relationship between the radii of tube to that of the balloon

as shown in Formula II (the parameters with the subscripted t refers to the tubing and the

subscripted B refers to the balloon). Thus, for a balloon of a given diameter (R0 I 2) and



wall thickness (Wi,) with an optimized inner wall stretch, there is a specific tube size that

must be used as a starting condition.

II. π(r - r LP = - R?)LBPB

[0099] For a given balloon, the required inner radius for the tubing is simply

the balloon outer radius less the wall thickness divided by the optimal stretch for the

polymer used: r, = (R0 - Wb) / Si. Determining the outer tubing radius, ro, is more

complicated but can be derived from the equation in Formula II.

[0100] As set forth below, Formula III shows such a derivation with S being

used to express the longitudinal stretch (S/. = LB / Li) and p the relative change in density

ifi —PB / P ) - With these two equations, 0 and Si can be calculated and the confounding

effect of radial stretch shown.

in. ro SLp(2RoWB- Ws
2)+(R - W )2ISf

[0101] Figure 14 shows the ratio of S IS as a function of wall thickness for a

number of different balloon diameters. As can be seen, the relative under-stretching of

the outer wall can be substantial. For example, the outer wall for a 2 mm balloon with a

wall thickness of 0.001 inches has been stretched less than 40% relative to the inner wall.

Any increase in wall thickness to try to strengthen the wall shows a further decrease in

relative stretching. The same 2 mm balloon with a 0.002 inch wall thickness shows a

relative wall stretch of less than 30%.

[0102] Turning now to Figures 15 and 16, the confounding effect of radial

stretch can be shown in more detail by examining the distribution of relative stretch

within the wall. This can be done by "mapping" the respective wall slice in the tube to

that of the balloon. Figure 15 shows such a map in which the inner wall has a position of

0% and the outer wall has a position of 100%. By calculating the stretch of a slice for the

tube wall, for example the 20% line, to the equivalent slice in the balloon, the distribution

of relative radial stretch can be shown. Figure 16 shows a graph of a representative

balloon with the relative stretch ratio as a function of wall slice. As can be seen, the fall



off in relative stretch is not proportional and in fact falls off more quickly from the inner

wall.

[0103] The problem of inner balloon bursting is particularly common for co-

extruded multi-layer balloons because the interior balloon necessarily has a more

optimized inner wall stretch compared to that of outer layers. This is shown in detail on

Figure 17, in which the relative stretch of the wall slices of a dual layer balloon made

from co-extruded tubing is shown relative to a single wall balloon having the same overall

wall thickness. Known methods of creating multi-layer balloons primarily focus on co-

extruding balloon elements in order to create a multi-layer balloon. Known methods do

not typically involve nesting balloons nor has the confounding effect of radial stretch been

considered. Even so, in the case of nesting balloons, the interior balloon occasionally is

made smaller to facilitate insertion into the exterior balloon, so the problem of varying

stretching remains.

[0104] In accordance with embodiments of the present invention, in order to

substantially increase the overall wall strength of a multi-layer balloon, each balloon layer

is molded from tubing in which in the inner wall stretch has been optimized for maximum

strength. Figure 18 shows the relative stretch of wall slices for such a balloon having two

layers. As can been seen, the relative amount of optimally stretched material is greater

than that afforded by co-extrusion.

[0105] Using this design, it is not necessary that the layers be made from the

same material or have the same wall thickness. Each layer is made such that the inner

wall has been stretched for maximum strength, with the stretch ratio specific for that

particular material. As described above, the inner wall should be stretched to within

about 15% of its optimal stretch and, in some applications, preferably to within less than

10% of its optimal stretch. As the wall strengths are additive, the burst pressure will be

higher than that for any individual layer. Once the burst pressure is reached, all layers will

fail. The compliance characteristics for the layers will preferably be equivalent.

[0106] Figures 19A and 19B illustrate a balloon wall element 14 of a multi¬

layer balloon catheter 2. To maintain flexibility in each balloon layer 20, 22, 24, friction

between these layers must be minimized. To illustrate this point we consider a balloon

wall element 14. This element 14 has a thickness t equal to that of the balloon 2, or

balloon layers 20, 22, 24, and a small width b and a length 1. The element 14 can be

configured either axially or radially. Taking one end of the element 14 as fixed, the



element 14 can be viewed as a cantilevered beam for analytical purposes, as described

below in Figures 2OA through 2OD.

[0107] Figure 2OA shows the balloon element 14 as a single layer of thickness

t. A balloon element 14 with thickness t requires a force F i to bend the element 14 a set

distance y. Figure 2OB shows the balloon wall element 14 as a single layer of thickness

3t. This thicker element 14 requires a force F2, which is twenty-seven times larger than

Fi, to bend the element 14 the same distance y as the element 14 in Figure 2OA (that is,

because the force required varies as a cube of the element thickness). Figure 2OC shows a

multi-layer element 14 comprised of a first element 15, a second element 16, and a third

element 17. Each of the elements 15, 16, and 17 has an individual thickness t . As a

result, the multi-layer balloon element 14 has a cumulative thickness 3t. Each sub-

element 15, 16, and 17 is individually as thick as the balloon element 14 in Figure 2OA,

but collectively as thick as the balloon element 14 in Figure 20B. Each individual

element in Figure 2OC requires a force F to bend a single balloon element a given

distance y. Collectively, the multi-layer balloon element 14 requires a force F3 to bend

the element 14 a given distance y, which is three times as large as the force in Figure 2OA,

but only one third as large as the force in Figure 2OB. As shown in Figure 2OC, each

balloon element layer 15, 16, and 17 preferably slides relative to the other layers a

distance ∆ l. If the balloon element layers 15, 16, and 17 are not permitted to slide, then

the multi-layered balloon 14 will likely be equivalent to the equally thick balloon in

Figure 2OB.

[0108] Referring now to Figure 2OD, because the layers 15, 16, and 17 are in

close contact with each other and there is a potentially strong force pushing them together,

frictional effects can be very significant and prevent sliding between the layers. To

minimize friction between adjacent layers and to allow sliding, lubricating layers 18, 19

can be added in between structural layer 15, 16, and 17. The lubricating layers 18, 19 can

be made. of any suitable substance, nonexclusively including high density polyethylene,

silicon oil, and carbon nanopowder, but in many medical applications should be

biocompatible. It should be noted that lubricating layers are not necessary when friction

between structural layers is allowable and, in some applications, desirable.

[0109] With reference to Figure 21, in some embodiments, lubricant should be

distributed so as to substantially cover the entire surface area between adjacent balloon

layers. The consequences of not having lubricant covering substantially the entire surface



area are demonstrated in Figure 21. Between adjacent balloon element layers 15, 16 there

are two gaps 60, 62 shown in a lubricious layer 18. With the balloon inflated, this

potentially creates substantial friction at the gaps 60, 62. Thus, an abnormally loose

region 64 can form between the gaps 60, 62 with abnormally stretched regions adjacent

the loose region 64. This unequal distribution of stress can cause a multi-layer balloon to

burst prematurely. In some situations, spreading lubricant will be less of a concern. For

example, low pressure applications and balloon regions with low stress may not require

uniform spreading of a lubricious layer between adjacent balloon layers. It should be note

that similar problems can develop between any two adjacent balloon layers if lubricant is

not evenly distributed.

[0110] Embodiments of the multi-layer balloon disclosed herein can provide a

significant performance improvement over current high pressure balloons. The disclosed

embodiments allow for balloon catheters to be used in new applications. For example,

multi-layer balloons can be used in ultra high pressure applications such as 50

atmospheres or more for up to 10mm diameter balloons, and for high pressure

applications for very large balloons such as 12 atmospheres or more for up to 30mm

diameter balloons. The advantages provided by the multi-layer balloons disclosed herein

can be attributed, at least in part, to forming each layer from tubing where the inner wall

stretch has been optimized for maximum strength.

[0111] Figures 22A through 22G generally depict a method for nesting

balloons to form a multi-layer balloon. As shown in Figure 22A, an inner balloon 30 is

provided having a proximal neck 5OA and a distal neck 5IA. The inner balloon 30 is then

heated and stretched so that the diameter and cross-sectional area of the inner balloon 30

is decreased, while the length of the inner balloon 30 is at least partially increased, as

shown in Figure 22B. Heating and stretching the inner balloon 30 in this manner typically

alters the alignment of the polymer molecules comprising the body of the balloon 30. The

inner balloon 30 is then fluted using known fluting methods so that the balloon 30

comprises a plurality of flutes. The inner balloon 30 is then wrapped about a catheter

shaft. The fluted and wrapped inner balloon 30 is illustrated in Figure 22C. The balloon

30 can be fluted and wrapped, for example, using known fluting and wrapping machines.

Embodiments of such machines can be found in U.S. Patent Application No. 11/303,546,

filed December 16, 2005 and entitled "Balloon Catheter Folding and Wrapping Devices



and Methods," the contents of which are hereby incorporated by reference in their

entirety. Other suitable balloon fluting and wrapping devices, however, can also be used.

[0112] With reference to Figure 22D, the fluted and wrapped inner balloon 30

can be inserted into an outer balloon 31. The outer balloon 31 preferably has properties

that are substantially similar, or in some cases identical, to those properties of the

unstretched and unheated inner balloon 30 described with reference to Figure 22A. hi one

embodiment, the balloons 30, 3 1 are comprised of tube stock that optimizes the inner wall

stretch of the balloons 30, 31.

[0113) The outer balloon 3 1 has a proximal neck 50B and a distal neck 5IB.

In one embodiment, the proximal neck 5OB and the distal neck 5IB of the outer balloon

3 1 have larger diameters than the proximal neck 50A and distal neck 5 1A of the inner

balloon 30. hi one embodiment, the inner balloon 30 can be inserted into the outer

balloon 31 by drawing it through the outer balloon 31 such that the inner balloon 30 is

substantially contained within the outer balloon 3 1. Other suitable methods can also be

used to insert the inner balloon 30 into the outer balloon 31.

[0114] In one embodiment of the present multi-layer balloon nesting method,

the inner balloon 30 and the outer balloon 3 1 are blow-molded on the same mold (but

preferably at separate times) so that the balloons 30, 3 1 have a substantially similar shape

and size along a body portion of the balloons 30, 31. hi this embodiment, the balloons 30,

3 1 preferably have proximal and distal necks having different sizes, as illustrated in

Figures 22A and 22D. That is, the proximal and distal necks 50A, 5 IA of the inner

balloon 30 have a smaller diameter than the proximal and distal necks 5OB, 5IB of the

outer balloon 31.

[0115] With reference to Figure 22E, once the inner balloon 30 has been

inserted into a cavity of the outer balloon 31, lubrication 32 can be added to a space

disposed between the inner balloon 30 and the outer balloon 31. In one embodiment, the

lubrication 32 comprises silicon oil. It should be noted that lubrication 32 can be added

either before the insertion step shown in Figure 22D, during the insertion step shown in

Figure 22D, or after the insertion step shown in Figure 22D. In the illustrated balloon

nesting method, as shown in Figure 22E, lubrication 32 is added after the insertion step in

Figure 22D.

[0116] As shown in Figure 22F, the nested balloons 30, 3 1 are next heated,

stretched, and inflated to bring the respective body portions of the inner balloon 30 and



the outer balloon 3 1 into the same, or a substantially similar, molecular alignment.

Embodiments of devices capable of inflating and heating a balloon can be found in U.S.

Patent Application No. 11/303,545, filed December 16, 2005 and entitled "Measurement

Apparatus and Methods for Balloon Catheters," the contents of which are hereby

incorporated by reference in its entirety. The embodiments presented can be modified to

stretch the balloon as well, and also can be used to verify that the balloons have been

stretched to an optimal size and shape. Other embodiments can be used to heat, stretch,

and inflate the multi-layer balloons disclosed herein.

[0117] In one embodiment of the nesting method, one can heat and stretch the

balloon and then begin inflating the balloon while continuing to heat and stretch the

balloon. Inflation of the balloon can commence when approximately thirty percent of the

stretching remains to be completed. The balloons are preferably stretched to four to five

times their initial length. This amount of stretching is meant to optimize biaxial

molecular alignment, and it will be apparent that a different method will be suitable for

different applications.

[0118] With continued reference to Figure 22F, a containing apparatus 6 1 can

be used to prevent the lubrication 32 from reaching a welding zone 40. After sealing the

balloons 30, 31, a lubricating layer 32 can be distributed evenly by mechanical means, if it

is not sufficiently distributed during inflation.

[0119] As illustrated in Figure 22G, the multi-layer balloon comprising the

inner balloon 30 and the outer balloon 3 1 can be fluted and wrapped in preparation for

attachment to a catheter shaft. In one embodiment, the multi-layer balloon is fluted and

wrapped in preparation for insertion into another balloon. In another embodiment, the

multi-layer balloon is fluted and wrapped in preparation for having another balloon

inserted into a cavity defined by the multi-layer balloon.

[0120] The above-disclosed nesting method is particularly suitable for ultra

high pressure balloons having large neck diameters relative to their body size. Further

variations to the nesting method are possible such as, for example, repetition of this

process to produce many-layered balloons, use of non-identically sized or shaped

balloons, omission of lubricating layers for certain interfaces, and other suitable methods

and processes.

[0121] The above-disclosed method comprising independent formation of an

inner balloon and an outer balloon and then nesting the balloons allows for a variety of



balloon sizes and shapes at each layer. Therefore, this method typically allows for ideal

balloon parameters at each layer. However, in some instances, independent formation of

balloon layers could be a slower and more costly process, particularly for balloons with

small necks relative to their bodies. Typically, the body of the balloon is wider than its

neck. However, the body of the inner balloon should still be capable of fitting through the

neck of the outer balloon. The body of a balloon can be narrowed by heating, stretching,

fluting, and wrapping. The neck of a balloon can possibly be widened by heating and

inflating or stretching the balloon radially, but these methods are limited. As a result, it is

often practical to form balloons independently and then nest them to create multi-layer

balloons with a balloon body diameter to neck diameter ratio of 4 to 1 or less. For larger

diameter-to-neck ratios, co-extrusion of some balloon layers might be preferable.

[0122] In the co-extrusion method, as discussed in further detail below with

reference to Figures 23A through 23D, one avoids the difficulty of nesting balloons.

However, the process of co-extrusion limits one's control over the size and shape of each

balloon layer, potentially causing some of the problems discussed above, as well as others

due to the general lost design freedom. In general, co-extrusion is more efficient than

nesting in manufacturing larger multi-layer balloons, in the range above approximately

12mm in diameter.

(01231 Figures 23A through 23D show one embodiment of forming multi¬

layer balloons using a co-extrusion method. As shown in Figure 23A, a three layer

balloon 26 and a two layer balloon 27 are provided. The three layer balloon 26 preferably

has two structural layers 22, 24 and one lubricating layer 23. The two layer balloon 27

preferably has one structural layer 20 and one lubricating layer 21. In this embodiment,

the three layer balloon 26 and the two layer balloon 27 are both co-extruded. In one

embodiment, the structural layers comprise a polyamide such as Nylon 12. In one

embodiment, the lubricating layers comprise .0001 to .00015 inch high-density

polyethylene and/or carbon nanopowder filler.

[0124] With reference to Figure 23B, the three layer balloon 26 is then

processed to reduce its diameter and cross-sectional area in a manner similar to that

disclosed above with respect to Figure 22B of the nesting method. That is, the three layer

balloon 26 can be heated and stretched so that the diameter and cross-sectional area of the

three layer balloon 26 is decreased, while the length of the balloon 26 is at least partially



increased. Heating and stretching the three layer balloon 26 in this manner typically alters

the alignment of the molecules comprising the body of the balloon 26.

[0125] As shown in Figure 23C, the three layer co-extruded and stretched

balloon 26 (having a decreased diameter) can then be inserted into the two layer co-

extruded balloon 27. In one embodiment, the three layer balloon 26 can simply be slid

inside the two layer balloon 27. The lubricating layer 2 1 of the two layer balloon 27

(which can be disposed on an inner surface of the two layer balloon 27) facilitates

relatively easy insertion of the three layer balloon 26 into the two layer balloon 27 because

it reduces friction between the balloons when a structural layer 22 of the three layer

balloon 26 (which can be disposed on an outer surface of the three layer balloon 26)

contacts an inner surface of the two layer balloon 27.

[0126] With reference to Figure 23D, the newly-formed five layer multi-layer

balloon 25 can be heated, stretched, and inflated such that the inner balloon 26 alters its

molecular orientation to an orientation that the inner balloon 26 had prior to the heating

and stretching step of Figure 23B (i.e., its original molecular orientation). As a result, the

molecular orientation of the inner balloon 26 becomes substantially similar to, or the same

as, the molecular orientation of the outer balloon 27 because these balloons had

substantially similar, or the same, molecular orientations after co-extrusion (the step of

Figure 23A) and before drawing down the inner balloon 26 (the step of Figure 23B).

[0127] Other variations of this co-extrusion method are possible such as, for

example, repeating the method steps to create additional balloon layers, using additional

co-extruded balloon layers, combining co-extrusion with balloon nesting, using

alternative methods to achieve molecular alignment among the balloon layers, and other

suitable variations. As discussed above with respect to the nesting method, in some

embodiments of the co-extrusion method, it is important to have balloon layers

comprising the substantially same size and comprised of materials having substantially

similar mechanical properties.

[0128] Turning now to Figures 24A and 24B, before the multi-layer balloon is

complete, the structural layers of the balloon are typically welded together. Unless the

lubricating layers are to be welded as well, the lubricating layers preferably are kept away

from a welding zone 40 of the multi-layer balloon. When a lubricating layer is not co-

extruded, it can be injected relatively far from the welding zone and then mechanically

dispersed, as shown and described above with respect to Figure 22E. In Figures 24A and



24B, an analogous process is shown for a co-extruded lubricating layer 42 (as opposed to

applying a lubricating layer in a nesting method for creating multi-layer balloons). In this

embodiment, extrusion of the lubricating layer 42 is periodically halted to make a

lubricating layer-free welding zone 40. In one embodiment, this is accomplished with a

diverter valve. Use of the diverter valve can be adjusted to create a balloon parison of

appropriate length. The structural layers 41, 43 of the multi-layer co-extruded balloon can

then be welded together in welding zone 40. Other suitable variations can also be used to

separate the lubricating layers from the welding zones.

[0129] Figures 25A through 25D show an embodiment of a method for

forming two-layer balloons with each layer made from tubing that optimizes inner wall

stretch for maximized balloon strength. As shown in Figure 25A, a single-layer extrusion

or tube stock 100 and a single-layer extrusion having a slip layer 110 are provided. The

single-layer extrusion 100. preferably has a single, structural side wall 102. The single

layer tube stock having a slip layer 110 preferably has a single, structural side wall 112

and a slip layer 114 disposed on the inner surface of the side wall 112. The tube stock

with a slip layer 110 has a bonding zone 116 at each end of the tube stock 110. The

bonding zone 116 defines an area of the tube stock 110 between the longitudinal ends of

the side wall 112 and the ends of the slip layer 114. The bonding zone 116 provides an

area free from lubrication, which allows the tube stock without a slip layer 100 to be

bonded with the tube stock with a slip layer 110.

[0130] The single-layer tube stock 100 and the single-layer tube stock having a

slip layer 110 are preferably formed from tubing that optimizes the inner wall stretch thus

providing optimum balloon strength. In one embodiment, the extrusions 100, 110 may be

formed from the same material and are preferably formed from the same, or a

substantially similar, diameter of tube stock such that the degree of biaxial molecular

orientation between the balloons 100, 110 is substantially similar. If the tube stocks 100,

110 are composed of the same material, then the diameters of the tube stock should be

within about 10% of each other in order to provide balloon layers having a substantially

similar degree of biaxial molecular orientation.

[0131] In one embodiment, the side walls 102, 112 comprise a polyamide such

as Nylon 12. In one embodiment, the slip layer 114 comprises a layer composed of .0001

to .00015 inch high-density polyethylene and/or carbon nanopowder filler (i.e., "bucky

balls" or graphite nanocarbon particles).



[0132] By way of example, for an 8 mm balloon made from Nylon 12, a

tubing size of 0.090 inches by 0.056 inches may be used. The slip layer preferably will, at

a minimum, cover a substantial portion of the main body of the balloon comprising the

cylindrical portion of the balloon. However, in some applications, the slip layer may

extend beyond the body of the balloon to cover at least a portion of the conical section of

the balloon.

[0133] With reference to Figure 25B, the single-layer extrusion 100 is then

processed to reduce its diameter and cross-sectional area in a manner similar to that

disclosed above with respect to Figures 22B and 23B. That is, the single-layer tube stock

100 can be heated and stretched axially so that its diameter and cross-sectional area are at

least partially decreased, while the length of the extrusion 100 is at least partially

increased. Heating and axial stretching the single-layer extrusion 100 in this manner

typically alters the axial alignment of the molecules comprising the body of the extrusion

100, but induces little or no change to the radial or circumferential alignment.

[0134] ' As shown in Figure 25C, the single-layer tube stock 100 (having a

decreased diameter) can then be inserted into the single-layer tube stock having a slip

layer 110 (having its original, unaltered diameter). In one embodiment, the single-layer

extrusion 100 can simply be "slid concentrically inside the single-layer extrusion having a

slip layer 110. The slip layer 114 of the single-layer tube stock 110 facilitates relatively

easy insertion of the single-layer tube stock 100 into the single layer tube stock having a

slip layer 110 because it reduces friction between the balloons when the side wall 102 of

the single-layer extrusion 100 contacts an inner surface of the single-layer extrusion

having a slip layer 110.

[0135] With reference to Figure 25D, the newly-formed two-layer balloon

stock or parison 120 can be heated, stretched, and inflated such that the inner tube stock

100 alters its molecular orientation to an orientation that the inner tube stock 100 had

prior to the heating and stretching step of Figure 25B (i.e., its original molecular

orientation). As a result, the degree of biaxial molecular orientation of the inner tube

stock 100 becomes substantially similar to, or the same as, the degree of biaxial molecular

orientation of the outer tube stock 110 because these balloons had substantially similar, or

the same, molecular orientations at the beginning of the above-described process (the step

of Figure 25A) and before drawing down the inner tube stock 100 (the step of Figure

25B).



[0136] It should be noted that in some applications of the multi-layer balloons

formed using the methods described herein, such as the two-layer parison as described

with reference to Figures 25A through 25D, the multi-layer parison does not necessarily

have lubricating or slip layers. For example, the two-layer parison 120 of Figures 25A

through 25D can simply comprise two single-layer extrusions formed from a substantially

similar sized tube stock without having a slip layer disposed between the two side walls

of the two-layer balloon stock 120.

Experiment to Test Superiority of Bi-Layer Balloon with Maximized Radial

Expansion

[0137] An experiment was conducted to test the superiority of a bi-layer

balloon with maximized radial expansion. The experiment was performed using the

following three high pressure balloon designs: (1) a bi-layer balloon with both balloons

having maximized radial expansion ("Balloon Design 1"); (2) a bi-layer balloon,

produced from telescoping extrusion, with balloons having different expansion ratios

("Balloon Design 2"); and (3) a single layer balloon having a relatively thick wall

("Balloon Design 3"). Tests were conducted and utilized to provide statistical proof of

certain characteristics of the three high pressure balloon designs, such as burst pressure,

compliance, and fatigue testing.

[0138] The results of the experiment indicate that a bi-layer balloon with both

balloons having maximized radial expansion (i.e., Balloon Design 1) has a 12% greater

burst strength and can be subjected to 46% more fatigue cycles than a bi-layer balloon

with balloons having different expansion ratios (i.e., Balloon Design 2). The results also

demonstrate that a bi-layer balloon with both balloons having maximized radial expansion

(i.e., Balloon Design 1) has a 14% greater burst strength and can be subjected to 68%

more fatigue cycles than a single layer balloon having a thick wall (i.e., Balloon Design

3).

Purpose of the Experiment:

• Create and test multiple variations of plausible, high pressure, Nylon 12 balloon
designs.



• Challenge the theory that two nested balloons with maximized expansion ratios is
superior to nested balloons with different expansion ratios and thick single walled
balloons.

Tools and Equipment:

• All burst, compliance, and fatigue testing were completed with the following
machines:

o PT-3070 (Pressure Regulation): IA Asset 620
o Laser Measurement System: IA Asset 326
o Temperature Control System: IA Asset 519

• Wall Thickness Measurement Tool:
o Mitutoyo Blade Micrometer: IA Asset 173

• Balloon Blowing Equipment:
o Balloon Forming Machine: 221OH/11OV
o Computerized Double End Stretcher: CJS-3X12/1 10V
o Center Mold: 31606 1-408
o Distal End Plug: 5021 55-35
o Proximal End Plug: 502 155-34

Part Number and Description of the Balloons Used for Patent Testing:

1. 511023 (Balloon Design 1) : Multilayer balloon with both balloons having
maximized radial expansion.

a. Inner and outer balloon extrusion part number: 315284-08
b. Inner and outer balloon extrusion dimensions: 0.090" x 0.056"

2. 316085-X1 (Balloon Design 2): Multilayer balloon created from nested extrusion.
a. Inner extrusion part number: 315284-08
b. Inner extrusion dimensions: 0.090" x 0.056"
c. Outer extrusion part number: 315284-Xl
d. Outer extrusion dimensions: 0.126" x 0.092"

3. 316085-X2 (Balloon Design 3 : Thick, single layer balloon.
a. Extrusion part number: 315284-X2
b. Extrusion dimensions: 0.124" x 0.056"

4. 316085-X3 : Multilayer balloon created from nested extrusion. The inner layer
extrusion is the same part number as the outer and is drawn down through a hot
die so the outer diameter is slightly smaller than the inner diameter of the original
tubing size.

a. Extrusion part number: 315284-08
b. Extrusion dimensions: 0.090" x 0.056"

Description of the Testing Requirements:

1. Burst and Compliance Testing : 10 samples per balloon part number.
• While being submerged in 37°C water, the balloon diameter is

measured and recorded while being stepped in 2 ATM increments.
The pressure is stepped and recorded until the balloon bursts.
Compliance percentage, average burst, and minimum burst strength
("MBS") are calculated.



2. Fatigue Testing: 10 samples per balloon part number.
• Once the different balloons have been burst tested, the least MBS

calculated will be used for fatigue testing.
• Each balloon will undergo cycles from 0 to MBS until the balloon

bursts. The number of cycles will be recorded and an average will be
calculated.

Balloon Development Notes:

1. Balloon part numbers 511023, 316085-X1, and 316085-X2 were formed using
usual balloon blowing techniques.

2. Balloon part number 316085-X3 was not able to be formed.
• To start the development, the necked down inner tubing was solely used to

form the 8 mm balloon.
• The logic used was if the inner balloon was not able to be formed, the nested

extrusion will also not be able to be formed.
• The extrusion was not able to expand to the walls of the mold due to an inner

expansion ratio of approximately 14:1.

Results:

Balloon Wall Thickness Measurements



Burst Testing

Fatigue Testing



Description of Balloon Failure:

511023:
o 12% higher burst and 46% more fatigue cycles than 316085-X1 .
o 14% higher burst and 68% more fatigue cycles than 316085-X2.
o The superiority of the nested balloons is due to both balloons

having the identical inner and outer expansion ratios
o The stresses caused by inflation and deflation are the same for each

balloon when both have the same inner and outer expansion ratios.
When the stresses are the same, the balloons will burst at the same
time which ensures maximized burst strength.

316085-X1:
o The lower burst strength and fatigue cycles of this balloon are due

to the nested tubing having different expansion ratios
o The outer extrusion has a medium expansion ratio of 2.9:1 while

the inner extrusion has 4.4: 1.
o Due to the expansion ratio difference, the balloon layers are

undergoing different stresses while being inflated and deflated
o During the burst test, two distinctive "pops" can be heard. The first

rupture is the inner balloon and the second rupture is the outer
balloon.

o Due to the outer balloons lower expansion ratio, it can withstand
more pressure and fatigue cycles than the inner balloon

o Once the inner balloon bursts, the second balloon immediately
ruptures because the pressure is no longer contained by two layers.

318085-X2:
o The lower burst strength and fatigue cycles of the thick walled

balloon are caused by the same concept of a balloon with nested
tubing having different expansion ratios

o The outer expansion ratio is 2.6:1 while the inner expansion ratio is
5.75:1. The inner diameter has to expand approximately 2.2 times
farther than the outer diameter

o During the burst and fatigue testing, the inner surface of the balloon
begins to fracture before the outer surface. This is due to the inner
surface reaching its maximum expansion while the outer surface
proceeds to grow

o Once a fracture begins on the inner surface of the balloon, it
quickly tears through the entire wall of the balloon causing
premature bursts.



[0139] According to the results of the experiment as set forth above, it is

concluded that a bi-layer balloon constructed with two balloons with the same expansion

ratios (i.e., Balloon Design 1) proves to have superior burst strength and cycle fatigue

resistance when compared to a bi-layer balloon with balloons having different expansion

ratios (i.e., Balloon Design 2) and to a single layer balloon having a thick wall (i.e.,

Balloon Design 3).

[0140] Although this invention has been disclosed in the context of certain

preferred embodiments and examples, it will be understood by those skilled in the art that

the present invention extends beyond the specifically disclosed embodiments to other

alternative embodiments and/or uses of the invention and obvious modifications and

equivalents thereof. In addition, while a number of variations of the invention have been

shown and described in detail, other modifications, which are within the scope of this

invention, will be readily apparent to those of skill in the art based upon this disclosure. It

is also contemplated that various combinations or sub-combinations of the specific

features and aspects of the embodiments may be made and still fall within the scope of the

invention. Accordingly, it should be understood that various features and aspects of the

disclosed embodiments can be combined with or substituted for one another in order to

form varying modes of the disclosed invention. Thus, it is intended that the scope of the

present invention herein disclosed should not be limited by the particular disclosed

embodiments described above, but should be determined only by a fair reading of the

claims.



WHAT IS CLAIMED IS:

1. A balloon catheter having a very high burst strength and good balloon

flexibility and folding characteristics, comprising:

an elongate, flexible catheter body;

a balloon attached to said catheter, said balloon having a first balloon

having a first biaxial molecular orientation and a second balloon over said first

balloon, said second balloon having a similar biaxial molecular orientation so that

the degree of biaxial molecular orientation of said first balloon is substantially

similar with the degree of biaxial molecular orientation of said second balloon,

wherein said first balloon and said second balloon have substantially uniform

burst strengths; and

a substantially evenly dispersed lubricant between said first Balloon and

said second balloon so that the outside of said first balloon can slide relative to the

inside of said second balloon without stress concentration on a particular region of

one of said balloons to avoid premature bursting.

2. The balloon catheter of Claim 1, wherein said first balloon and said second

balloon are formed from tubing that optimizes the inner wall stretch of each of said

balloons.

3. The balloon catheter of Claim 1, wherein said balloon is subject to an

applied pressure and said first balloon and said second balloon fail at substantially the

same applied pressure.

4. A method for nesting balloons to form a multi-layer balloon for medical

applications, comprising the steps of:

providing a first balloon having a first proximal neck and a first distal neck

and a second balloon having a second proximal neck and a second distal neck;

heating and stretching the first balloon so that the diameter and cross-

sectional area of the first balloon is at least partially decreased while the length of

the first balloon is at least partially increased;

fluting and wrapping the first balloon;

inserting the distal neck of the first balloon at least partially into the

proximal neck of the second balloon;



applying a lubricant to a space defined by the first balloon and the second

balloon such that a multi-layer balloon comprises the first balloon, the lubricant,

and the second balloon;

heating, stretching, and inflating the multi-layer balloon; and

securing the first balloon of the multi-layer balloon to the second balloon

of the multi-layer balloon.

5. A multi-layer balloon for medical applications, comprising:

a first structural layer having a first biaxial molecular orientation;

a second structural layer having a similar level of biaxial molecular

orientation, wherein the degree of biaxial molecular orientation of the first

structural layer is substantially similar with the degree of biaxial molecular

orientation of the second structural layer; and

a lubricating layer, wherein the lubricating layer is disposed substantially

between the first structural layer and the second structural layer.

6. The multi-layer balloon of Claim 5, wherein the multi-layer balloon is

subject to an applied pressure and the first structural layer and the second structural layer

fail at substantially the same applied pressure.

7. A method for co-extruding balloons to form a multi-layer balloon for

medical applications, comprising the steps of:

co-extruding a first balloon having at least two structural layers and at least

one lubricating layer and a second balloon having at least one structural layer and

at least one lubricating layer;

heating and stretching the first balloon so that the diameter and cross-

sectional area of the first balloon is at least partially decreased while the length of

the first balloon is at least partially increased;

inserting the first balloon at least partially into a cavity defined by the

second balloon such that a multi-layer balloon comprises the first balloon and the

second balloon; and

heating, stretching, and inflating the multi-layer balloon.

8. A catheter having a multi layer, high pressure balloon, comprising:

an elongate, flexible catheter body, having a proximal end, a distal end and

at least one inflation lumen extending therethrough; and



an inflatable balloon on the distal end, the balloon comprising an inner

layer and an outer layer;

wherein the inner layer and the outer layer have each been stretched to

achieve optimum strength.

9. A catheter as in Claim 8, wherein at least one layer comprises nylon.

10. A catheter as in Claim 8, wherein both layers comprise nylon.

11. A catheter as in Claim 8 further comprising a slip layer positioned in

between the inner layer and the outer layer.

12. A catheter as in Claim 11, wherein the slip layer comprises carbon

nanoparticles.

13. A catheter having a multi layer, high pressure balloon, comprising:

an elongate, flexible catheter body, having a proximal end, a distal end and

at least one lumen extending therethrough; and

an inflatable balloon on the distal end, the balloon comprising an inner

layer and an outer layer;

wherein the inner layer and the outer layer each have substantially the same

calculated burst pressure.

14. A method of making an inflatable balloon for medical catheters, having

optimized burst strength characteristics, comprising the steps of extruding a tube stock

having a continuous outer tubular wall and an intermittent inner slip layer; cutting a first

section from the tube stock such that each of a first end and a second end of the first

section has only the outer tubular wall and a central portion of the section comprises a slip

layer; positioning a second section concentrically within the first section, the second

section having substantially the same stretch as the first section; and bonding the first and

second sections together to form the balloon.

15. A catheter having a multi layer, high pressure balloon, comprising:

an elongate, flexible catheter body, having a proximal end, a distal end and

at least one lumen extending therethrough; and

an inflatable balloon on the distal end, the balloon comprising an inner

layer and an outer layer;

wherein the inner layer and the outer layer have each been stretched to

within about 15% of their calculated optimum stretch.



16. A catheter as in Claim 15, wherein the inner layer and the outer layer have

each been stretched to within about 10% of their calculated optimum stretch.

17. A catheter as in Claim 15, wherein the inner layer and the outer layer have

each been stretched to within about 5% of their calculated optimum stretch.

18. A catheter as in Claim 15, further comprising a slip layer positioned in

between the inner layer and the outer layer.

19. A catheter as in Claim 18, wherein the slip layer comprises carbon

nanoparticles.

20. A method of making a tubular balloon stock for use in fabricating a

balloon catheter, comprising the steps of:

providing a first and a second tubular sections;

determining the stretch required to optimize the strength at the inner

surface of each layer;

stretching each layer to within approximately 15% of the determined

stretch for each layer; and

positioning the first layer concentrically within the second layer to form the

tubular balloon stock.

21. A method of making a tubular balloon stock as in Claim 20, wherein the

stretching step is accomplished after the positioning step.

22. A method of making a tubular balloon stock as in Claim 20, wherein the

stretching step is accomplished before the positioning step.

23. A method as in Claim 20, wherein a radially inwardly facing surface of the

second layer is provided with a slip layer.
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