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(57) ABSTRACT 

Improved processes for surface treating expanded polytet 
ra?uoroethylene (PTFE) is disclosed and improved surface 
treated devices made from the processes. The processes 
employ a laser to surface-modify an expanded PTFE struc 
ture to create a macro-roughened surface that has the capa 
bility to remain microporous throughout. The unique pro 
cess of the present invention creates a ridge and valley 
structure on the surfaces of devices that includes unique 
gnarled nodes along valley ?oors. 



Patent Application Publication Dec. 23, 2004 Sheet 1 0f 16 US 2004/0256769 A1 

2. 

F73. 1A 
(Prior A''‘) 

K 
6 

?g. 15 
(Prior Ar‘ 



Patent Application Publication Dec. 23, 2004 Sheet 2 0f 16 US 2004/0256769 A1 

(Prior A r!‘ ) 



Patent Application Publication Dec. 23, 2004 Sheet 3 0f 16 US 2004/0256769 A1 

' "2 a 16 

£4 35 x4 zaif 7.4 
4 

za 26 

f7 . 5A 
(Pfir Ari) 



Patent Application Publication Dec. 23, 2004 Sheet 4 0f 16 US 2004/0256769 A1 

F7 .5 B (gum!) 



Patent Application Publication Dec. 23, 2004 Sheet 5 0f 16 US 2004/0256769 A1 

‘N 

52 ' 

3.», @m?m” 56 54 

6 4 6 4 

‘F751. 45 

a; _ as 

V 6 

wuuuwuuP "z 
4; __ 

4O 40 

4 4' 6 4 6 



Patent Application Publication Dec. 23, 2004 Sheet 6 0f 16 US 2004/0256769 A1 

32. 

‘Hill/lawn 



Patent Application Publication Dec. 23, 2004 Sheet 7 0f 16 US 2004/0256769 A1 



Patent Application Publication Dec. 23, 2004 Sheet 8 0f 16 US 2004/0256769 A1 



Patent Application Publication Dec. 23, 2004 Sheet 9 0f 16 US 2004/0256769 A1 

45 



Patent Application Publication Dec. 23, 2004 Sheet 10 0f 16 US 2004/0256769 A1 

A 





Patent Application Publication Dec. 23, 2004 Sheet 12 0f 16 US 2004/0256769 A1 

/// ZV//,,////////////;¢ 

M 

A 

49 

/n/// I 
W % 

\ \ \\\\\\\w\\ \ 26% 
\ \ \ \ \\ 

\\\.“\ / \ \ 

61 

A 



Patent Application Publication Dec. 23, 2004 Sheet 13 0f 16 US 2004/0256769 A1 

My 

‘F751. 80 5518A £751.85 F5986 

A AAA A AAA A AAA A A O OOO O OOO O OOO 

8G 8 E 8F 

A5C24 

551. 8H 



Patent Application Publication Dec. 23, 2004 Sheet 14 0f 16 US 2004/0256769 A1 

FEES" Tsai'ylzlem ap'r“ m, ‘1999 R: Lee instruments. ud. {l 
16 um 18.8 w 22 mm 16.62’, spot 

Personal 553N313}?! apr 133999 2: Lee Instruments. nq.j __ ‘ 
' ' isx- ' ' - _ as m 15.91 sput' 



Patent Application Publication Dec. 23, 2004 Sheet 15 0f 16 US 2004/0256769 A1 

Perléonal 59-1 v4.2a; r'mr I5, .1339 
1 29-: -' " H M? in 

FIG. 90 



Patent Application Publication Dec. 23, 2004 Sheet 16 0f 16 US 2004/0256769 A1 

F7810 



US 2004/0256769 A1 

SURFACE MODIFIED EXPANDED 
POLYTETRAFLUOROETHYLENE DEVICES AND 

METHODS OF PRODUCING THE SAME 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a division of application Ser. 
No. 09/369,231 ?led Aug. 5, 1999. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to a surface modi?ed 
expanded polytetra?uoroethylene material, and methods 
used to produce it. 

[0004] 2. Description of Related Art 

[0005] Expanded polytetra?uoroethylene (PTFE) prod 
ucts are Widely employed today in a variety of devices, 
including ?lters, fabrics, implantable sheets, and vascular 
grafts. Expanded PTFE is formed by heating and rapidly 
expanding a PTFE precursor material to form a microstruc 
ture of polymeric nodes interconnected by polymeric ?brils 
With microscopic void spaces therebetWeen. Expanded 
PTFE can be formed in the manner described in US. Pat. 

Nos. 3,953,566, 3,962,153, 4,096,227, and 4,187,390, all 
incorporated by reference. 

[0006] The relative dimensions of the node and ?brils can 
be tailored to affect both the porosity and surface properties 
of expanded PTFE. For example, a highly porous surface 
can result from the creation of long, Widely spaced, sub 
stantially parallel ?brils. A highly porous surface is often 
bene?cial in certain applications. For example, a high degree 
of porosity may enhance lamination bond strength or 
improve certain ?lter performance properties. In speci?c 
medical applications, more open structure may be bene?cial 
since the structure can encourage tissue ingroWth and attach 
ment. On a ?at sheet, hoWever, there is a limit to the amount 
of ingroWth structure that can be achieved through only 
manipulation of nodes and ?brils during expansion. To 
further enhance tissue ingroWth beyond that of a highly 
porous surface, a roughened or textured surface is believed 
to be required. Thus, in medical applications requiring rapid 
tissue ingroWth, an ideal expanded PTFE surface may have 
both a high degree of porosity and further surface modi? 
cation to provide some degree of macroscopic texturing. 

[0007] In addition to enhancing the rate of tissue attach 
ment, a textured surface may be desirable in other applica 
tions, for instance to enhance bond strength, abrasion, heat 
transfer, optical, or other properties. Increased roughness 
may also be desirable to increase surface friction, ?oW 
turbulence, sound abatement, or exposed surface area. 

[0008] Various methods of altering the surface properties 
of expanded PTFE have been suggested in the past. For 
example, an expanded PTFE surface treatment process is 
taught in US. Pat. Nos. 5,462,781 and 5,437,900 to 
ZukoWski. Disclosed is a plasma treatment process that 
removes ?brils to a selected depth to leave freestanding 
nodal ridges. These freestanding nodes are easily bent or 
de?ected due to the lack of supporting ?brils. Such a treated 
surface affects the hydrophobicity, bondability, and appear 
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ance, but may not necessarily elicit an optimum tissue 
response due to an excessively “soft” exposed surface. 

[0009] US. Pat. Nos. 4,550,447 and 4,647,416 to Seiler, 
Jr., et al., teach a PTFE surface treatment that creates full 
density PTFE ribs on the outer surface of an expanded PTFE 
tube. Although this process may increase macro-roughness 
by the producing stiff ridges, the ridges are unexpanded and 
are thus non-porous. Non porous unexpanded ridges are 
believed to be undesirable since they can achieve only 
minimal tissue attachment and ingroWth. 

[0010] US. Pat. Nos. 4,332,035 and 4,713,070 to Mano, 
teach an expanded PTFE process Wherein differential heat is 
applied to opposing surfaces of a tubular Wall. The process 
results in a randomly oriented ridge and valley texture. The 
ridges comprise node groupings having interconnecting 
?brils. The valleys have long ?brils, Which interconnect the 
node groupings. Although this process may increase surface 
“roughness” due to the relatively stiff ridges, the valleys 
remain soft due to the long interconnecting ?brils. Thus the 
valleys produced by the Mano process contribute little to the 
overall macro-roughness of the device and therefore prob 
ably do not enhance the rate of tissue attachment. 

[0011] For speci?c applications, it is believed desirable to 
generate a highly porous expanded PTFE surface having 
optimum roughness or texturing. A ridge and valley surface 
texture can enhance the macro-roughness. HoWever, it is 
believed desirable that ridges are both relatively stiff and at 
least someWhat porous. Similarly, it is desirable that the 
valleys remain porous yet provide some addition means to 
contribute to the macro-roughness of the device. The ridges 
and valleys Would ideally have a pattern that could be 
controlled and tailored for speci?c applications. 

SUMMARY OF THE INVENTION 

[0012] The present invention is a process to alter expanded 
polytetra?uoroethylene (PTFE) surfaces to control surface 
properties and unique devices With surfaces so modi?ed. 
The present invention produces articles having a high degree 
of surface roughness While being capable of maintaining a 
porous microstructure throughout. 

[0013] The process of the present invention employs an 
unfocused laser beam to both alter and remove selected 
expanded PTFE ?brils and nodes, resulting in a ridge and 
valley texture. The ridges comprise clustered nodes that are 
internally supported by shortened interconnecting ?brils. 
This structure imparts both porosity and stiffness to the 
ridges. The valleys are formed by the substantial removal of 
nodes along With their interconnecting ?brils, resulting in a 
porous valley ?oor. HoWever, the process also creates a 
series of distorted or gnarled nodes along the valley ?oor. 
These gnarled node structures, remaining in and projecting 
from the valleys, contribute to the surface “roughness” and 
texture of the valleys, but do not signi?cantly compromise 
the porosity. Thus the modi?ed surface has a texture that can 
be simultaneously macro-rough and micro-porous along 
both the ridges and valleys. 

[0014] The process of the present invention can be used to 
generate repeatable, consistent textures onto an expanded 
PTFE surface after the base expanded PTFE material has 
been created. Thus common expanded PTFE materials can 
be subsequently processed into a variety of textures, each 
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texture being optimized for a speci?c application. These and 
other aspects and advantages Will become more apparent 
When considered With the following detailed description, 
draWings, and appended claims. 

DESCRIPTION OF THE DRAWINGS 

[0015] The present invention may be better understood 
When considered in light of the attached ?gures, in Which: 

[0016] FIGS. 1A and 1B are enlarged partial side cross 
section vieWs of an expanded PTFE material, before and 
after the surface treatment taught by US. Pat. Nos. 5,462, 
781 and 5,437,900 to ZukoWski; 

[0017] FIG. 2 is an enlarged partial side cross-section 
vieW of the Wall of an expanded PTFE tube, after processing 
as taught by US. Pat. Nos. 4,550,447 and 4,647,416 to 
Seiler, Jr., et al.; 

[0018] FIG. 3A is an enlarged partial side cross-section 
vieW of an outer surface of a vascular graft, as taught by US. 
Pat. Nos. 4,332,035 and 4,713,070 to Mano; 

[0019] FIG. 3B is an enlarged partial side cross-section 
vieW of an angular, coalesced node grouping, and angular 
node axes as taught by US. Pat. Nos. 4,332,035 and 
4,713,070 to Mano; 

[0020] FIGS. 4A through 4F are enlarged partial side 
cross-section vieWs of an expanded PTFE surface at various 
stages of alteration that are believed to be occurring during 
the process of the present invention; 

[0021] FIG. 5 is an enlarged partial side cross-section 
vieW detailing a gnarled node structure of the present 
invention; 

[0022] FIG. 6A is an enlarged partial side cross-section 
vieW further detailing a gnarled node structure of the present 
invention relative to one ridge; 

[0023] FIGS. 6B and 6C are enlarged partial side cross 
section vieWs of irregular or uneven valley ?oors and 
corresponding methods of determining the relative height of 
an adjacent ridge. 

[0024] FIG. 6D is an enlarged partial cross-section side 
vieW of a gnarled node of the present invention illustrating 
its longitudinal axis, Which de?nes the length of the node 
projecting from the valley ?oor; 

[0025] FIG. 7 is a top plan vieW of an expanded PTFE 
sheet of the present invention after being exposed to alter 
nating roWs of laser treatment of the present invention; 

[0026] FIGS. 8A through SI are top plan vieWs of alter 
native patterns that may be employed With the present 
invention; 

[0027] FIG. 9A is a scanning electron micrographs 
(S.E.M.s), enlarged 1000><, top vieW of coalesced nodes 
along a ridge of the present invention; 

[0028] FIG. 9B is an S.E.M., enlarged 15><, top vieW of 
ridge, valley, and gnarled nodes of the present invention; 

[0029] FIG. 9C is an S.E.M., enlarged 100><, cross-section 
side vieW of a valley and gnarled nodes of the present 
invention; 
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[0030] FIG. 9D is an S.E.M., enlarged 25><, cross-section 
side vieW of ridges, a valley, and gnarled nodes of the 
present invention; and 

[0031] FIG. 10 is a three-quarter isometric vieW of a 
surgical sheet modi?ed in accordance With the present 
invention being implanted, the sheet having tWo surfaces 
treated by the process of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0032] The present invention comprises a unique method 
for forming a unique material from an expanded polytet 
ra?uoroethylene (PTFE) material. The present invention 
may be better understood through a revieW of previous 
PTFE surface treatment techniques, as are illustrated in 
FIGS. 1A through 3B and described beloW. 

[0033] An expanded PTFE surface treatment process is 
taught in US. Pat. Nos. 5,462,781 and 5,437,900 to 
ZukoWski. ZukoWski employs a plasma surface treatment 
process, in Which the surface ?brils are removed to a 
selected depth to leave freestanding nodal ridges. The modi 
?cation process taught by ZukoWski results in freestanding 
nodes on its surface that maintain their untreated, vertical 
orientation. FIGS. 1A and B depict cross-section vieWs of 
an expanded PTFE material before and after, respectively, a 
ZukoWski surface treatment. ShoWn in FIG. 1A is an 
expanded PTFE surface 2 prior to the plasma treatment 
having typical nodes 4 interconnected by ?brils 6. Shown in 
FIG. 1 B is an expanded PTFE surface 8 after the plasma 
treatment having the same nodes 4 and ?brils 6 in its depth, 
but having a modi?ed surface With freestanding nodes 10 
and open valleys 12 betWeen them. Surface ?brils have been 
removed by the plasma treatment to a selected depth. 
Although having the cross-sectional appearance of a 
“rough” of textured surface, the freestanding nodes 10 are in 
actuality easily bent or de?ected due to the lack of inter 
connecting ?brils or other support structure. The resulting 
treated surface has a soft, felt-like texture. Such a treated 
surface affects the hydrophobicity, bondability, and appear 
ance, but Will not necessarily elicit an optimum tissue 
response due to the lack of true roughness. 

[0034] US. Pat. Nos. 4,550,447 and 4,647,416 to Seiler, 
Jr. et al., teach a PTFE surface treatment process using a 
laser to partially scribe circumferentially through the Wall of 
an un-expanded PTFE tube. The tube is subsequently 
expanded, resulting in densi?ed, unexpanded ribs on the 
outer surface of the tube. The stiff, densi?ed ridges may act 
as circumferential rings to improve the radial strength and 
kink resistance of the tube. The resulting Wall cross section 
has a castellated ridge and valley appearance. ShoWn in 
FIG. 2 is What is believed to be a typical cross-section vieW 
of the Wall of an expanded PTFE tube after processing as 
taught by Seiler, Jr. et al. ShoWn are outer ridges 14, valleys 
16, densi?ed ridge portions 18, and internal expanded PTFE 
20, having nodes 4 interconnected by ?brils 6. Although the 
macro-roughness has been increased by the presence of the 
stiff ridges 14, the ridges are unexpanded and are thus 
non-porous. This process results in non-porous unexpanded 
ridges that may compromise or eliminate any tissue attach 
ment and ingroWth into the ridges. 

[0035] US. Pat. Nos. 4,332,035 and 4,713,070 to Mano 
teach an expanded PTFE treatment Wherein differential heat 
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is applied to opposing surfaces of a tubular Wall. The process 
results in an alteration of the orientation of strength betWeen 
the tWo Walls. This difference in strength orientation 
increases the kink resistance and radial strength of the tube. 
Also altered by the Mano process is the surface texture of the 
tubular Wall. It is believed that the process as taught by 
Mano Was utiliZed in the production of commercially avail 
able vascular grafts. Results from an analysis of such a 
vascular graft are depicted in FIGS. 3A and B. 

[0036] ShoWn in FIG. 3A is a partial cross-section vieW of 
an outer surface of the vascular graft. ShoWn is the treated 
vascular graft 22, having a microstructure of nodes 4 inter 
connected by ?brils 6, ridges 14, and valleys 16. The ridges 
14 are comprised of angular, coalesced node groupings or 
clusters 24. The valleys 16 have long ?brils 26, Which 
interconnect the angular, coalesced node groupings 24. The 
ridges 14 are relatively stiff due to the interconnecting ?brils 
28 present Within the coalesced node clusters 24. The 
interconnecting ?brils 28 Within the node clusters preserve 
a degree of porosity. Thus the node clusters typically have 
some porosity although less porosity than the valleys or 
untreated loWer sections Within the graft Wall. Although the 
surface “roughness” has been increased due to the relatively 
stiff coalesced node clusters, the valleys remain soft due to 
the long interconnecting ?brils 26. Thus the valleys resulting 
from the Mano process are believed contribute little to the 
overall macro-roughness of the ?nal device. The process as 
taught by Mano also results in a random, unde?ned pattern 
of ridges and valleys. ShoWn in FIG. 3B, is a partial 
cross-section vieW of an angular, coalesced node grouping 
24 and angular node axes 30. As can be seen by folloWing 
angular node axis 30, the axis 30 of the coalesced node 
articulate or bend betWeen approximately 0 and 900 along 
the axis length. 

[0037] None of the above-described processes provides all 
the features that may be desired in an optimal surface-treated 
product. Although incorporating various desirable aspects, 
the knoWn processes do not generate an optimiZed and 
ordered surface texture having a high degree of macro 
roughness along With a high degree of porosity along both 
the ridges and the valleys. The process of the present 
invention provides such an enhanced surface. 

[0038] FIGS. 4A through 4E shoW enlarged partial cross 
section vieWs of an expanded PTFE surface at sequential 
stages that are believed to occur during the process of the 
present invention. Precursor expanded PTFE material may 
take any of various forms, including material made in 
accordance With any of Us. Pat. Nos. 3,953,566, 3,962,153, 
4,096,227, 4,187,390, and 4,902,423, all incorporated by 
reference. Additionally, suitable precursor material is also 
commercially available from a number of sources in a Wide 
variety of forms, including, for example, from W. L. Gore & 
Associates, Inc., Elkton, Md., under the trademarks GORE 
TEX® and GORE-TEX® GR gasketing materials, and from 
W. L. Gore & Associates, Inc., Flagstaff, AriZ., under the 
trademarks GORE-TEX®, DUALMESH®, and 
MYCROMESH® implantable patch materials. It is believed 
preferred that the nodes of the precursor material be oriented 
substantially perpendicular to the surface to be treated. 

[0039] FIG. 4A is a partial cross-section vieW of an initial, 
untreated expanded PTFE material 2 having a microstruc 
ture of nodes 4 interconnected by ?brils 6. 
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[0040] FIG. 4B is a partial cross-section vieW of the 
expanded PTFE material 2 during the initial exposure to 
laser energy 32. The initial exposure to the laser energy 
results in elongated ?brils 34 and shortened ?brils 36. As 
shoWn in FIG. 4C, continued exposure to the laser energy 
results in the removal of the surface portion of some nodes, 
along With the removal of the elongated ?brils. Thus a valley 
40 is formed, along With a clustered, coalesced node struc 
ture 38, interconnected With ?brils 6. Disposed on the valley 
?oor is the initial formation of a rough, gnarled node 
structure 42. 

[0041] As shoWn in FIG. 4D, continued application of the 
laser energy 32 results in the formation of a ridge 48 
comprising coalesced nodes 46 interconnected by ?brils 6. 
Valleys 50 are formed having a microstructure of nodes 4 
interconnected by ?brils 6 on valley ?oor 51. Irregularly 
shaped gnarled node structures 44 remain in the valleys 50. 

[0042] ShoWn in FIG. 4E is a partial cross-sectional vieW 
of an expanded PTFE surface after processing according to 
the present invention. ShoWn are ridges 48, valleys 50, 
coalesced node clusters 46, and the distorted, crooked, 
gnarled node structures 44. 

[0043] Laser energy for the present invention should be 
generated by an unfocused laser beam delivering suf?cient 
energy to the PTFE surface to cause PTFE surface alteration 
in the manner described. Speci?cally, it is preferred to use a 
C02 laser With a Wavelength output of about 10.6 microns. 
Other lasers, such as Eximer, YAG, ruby, etc., may also be 
suitable for use With the present invention. It is preferred that 
the laser beam is “unfocused” so that energy is delivered 
over a Wider path than a fully focused beam. The preferred 
beam Width at contact With the surface is less than about 1 
mm to 3 mm or more, With the most preferred Width being 
betWeen about 1.5 and 3 mm. 

[0044] The amount of poWer delivered is a function of the 
speed of the laser beam’s passage over the PTFE surface. 
For sloW laser treatment, for instance at a movement of 
about 10 inches (25.4 cm) per minute, a loW poWer laser 
doWn to about 20 Watts may be acceptable. For fast pro 
duction applications, for instance at a movement of about 
500 inches (1,270 cm) or more per second, a high poWered 
laser up to about 1000 Watts or more may be required. As a 
balance betWeen speed and poWer, laser Wattage of about 
350 Watts can treat at a rate of about 20 inches (50.8 cm) per 
second. 

[0045] Similarly, the pulse duration and spacing of the 
laser beam delivery may also be adjusted. Laser settings may 
vary from a loW of about 0.1 msec pulse duration at about 
0.001 inch (0.254 mm) spacing, up to continuous delivery 
(for speeds above 200 inches (508 cm) per minute. Preferred 
delivery is about 1.5 msec pulse duration at about 0.005 inch 
(1.27 mm) spacing. 
[0046] The characteristics and de?nition of a “node clus 
ter” is further clari?ed by FIG. 4F. Illustrated are valleys 50 
and a ridge 48 that is primarily formed by a node cluster 46. 
The node cluster 46 comprises nodes 4 interconnected by 
?brils 6. The nodes 4 Within the node cluster 46 are 
interconnected With shortened ?brils 36 on the outer, or 
treated, surface and interconnected With longer, untreated 
?brils 6 in the loWer portions of the material. The shortened 
?bril length causes the ?brils to bend, de?ect together, and 








