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CROSS-REFERENCE TO RELATED APPLICATIONS

This application elaims prionty under 35 US.C. § 119(e} from U.S. provisional
patent application no. 62/409 645, entitled “TUNING ADHESION AT CONTACTING
DEVICE INTERFACES: GEOMETRIC TOOLS FOR MINIMIZING SURFACE
FOULING”, filed on October 18, 2016, the contents of which are incorporated herein by

reference.

Field of the Invention

The present invention relates to substrates and composites having dyiamic, reversible
surface deformation including texture or geometric instabilities, ¢.g., surface wrinkling and
folding. The surface deformation and its reversal to the original surface form or to another,
different surface form, e.g., from an initial topography to a different topography, is effective
1o reduce or prevent surface fouling in medical or wndusirial applications and, more
particularly, in certain applications, to reduce or prevent unwanted platelet adhesion and
thrombus formation. The substrates and composites mclude a wide vartety of designs and,
more particularly, biomedical-related designs, such as, synthetic vascular grafi, vascular
shunt, patch designs, or other surfaces that contact blood. Similar principles can be used to
design surfaces that avoid foulants encountered in other applications including bacterial or
alpal fouling, fouling by marine organisms, fouling in the petrochemical industry, ice

formation on surfaces, mineral deposition on surfaces.

Backeround of the Invention

Antifouling activity of surfaces has a wide variety of applications including, but not
limited to, blood biofouling. Cardiovascular disease remains the leading cause of morbidity
and mortality in the western world with ever-expanding patient popudations as the epidemic
of diabetes and obesity continues its evolution. For more than forty vears, cardiac and
vascular surgeons have recognized the need of developing durable, low cost, and efficacious
synthetic vascular grafts as alternatives to native artery or vein conduits. While successtully
unplemented m large diameter aortic surgery, the use of polyester (Dacron), polyethylene
and polytetrafluoroethivlene (PTFE) grafts has had more Limited suceess in coronary

{CABG), peripheral vascular (PV) and hemodialysis (HD) access surgeries. Existing

1
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synthetic grafts have continually shown poor long-tenm patency in small caliber bypasses
(CABG), complex non-lanunar flow systems (PV, especially below knee re-vascularization
and HD), and bypasses under dynamic external mechanical stress fields from either beating
of the heart or graft stretching and bending due to limb movement. Graft failure is linked to
intimal hyperplasia and thrombosis, processes that are accelerated in prosthetic grafis largely
by platelet activation and adhesion. Controlling platelet biology Is a mainstay of clinical
practice in cardiovascular disease through the use of medications, such as, aspirin and
clopidogrel. A key strategy in new generation synthetic graft design is the chemical
modification of luminal graft surfaces with anti-platelet drugs, heparin, and other polymers,
sach as, phosphatidvl choline mimics with some promsing chmical and pre-clinical
OULCONIES.

Natural surfaces, such as the mner lining of arteries, are far superior at resisting
unwanted fouling as compared to artificial surfaces. Much of the anti-fouling ability is
attributable to the non-thrombogenic surface provided by the endothelial cells that line the
internal surface of the entire circulatory system. Synthetic surfaces fare poorly in blood
contact and generally foul rapidly due to platelet adhesion and thrombus formation. There
has been an enormous effort iy the medical community to create synthetic surfaces that resist
fouling for use in catheters, dialysis devices, and vascolar implants such as heart valves, and
prosthetic blood vessels. Material scientists have addressed the problem of fouling through
chemical surface modification to reduce interfacial energy, however, these strategies are not
sufficiently general to create a sustainably non-fouling swrface. The vartous strategies that
haye been employved for improving hemocompatibility inclade fluorination of surfaces,
bonding heparin to the surface, and polyethylene glycel modification. The resulting surfaces
can be used for long term blood contact, e.g. for heart valves or vascular grafts. Nevertheless,
for vascular conduits, clinical studies have shown that such surface modifications have had
limited long-term benefit in improving graft patency. In general, syathetic grafis, typically

made of PTFE or polyester, perform poorly in bypasses to blood vessels below the knee. In

o

ach sargernies, antologous (1. the patient’s own) veins are the preferred conduit with higher
rates of patency. A disadvantage of these vein conduits is the morbidity associated with the
additional surgery needed to harvest the vein.

Many current approaches for improving hemocompatibility of synthetic surfaces
are “chemical™ in nature and involve the modification of the chemical composition of the
blood contact suwrface, e g fluorination reduces surface adhesion strength, polyethylens

glycol provides a highly hydrated surface, and heparin bonding activates antithvombin. The
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present mvention relates to a very different approach of antifouling activity of swriaces
induced by topographic changes of the blood-contacting surface.

Nature solves the problem of surface self-renewal by using a multi-scale
approach. Inherently, “living” and molecular aspects of natural surfaces include a
biochemical powerhouse of specialized interfacial cells, such as the endothelivm bning of
blood vessels or epithelial cells on skin and hollow viscus organs. On a more macroscopic
level, many natural surfaces are endowed with non-flat surface morphelogy or topography.
Many conduits in the body (arteries, esophagus, small intestine) are heavily corrugated or
wrinkled. Arteries, in particular, exhibit wrinkles that can fully or partially flatten out as the
arteries dilate or distend in response to blood pressure changes during the cardiac cycle.
Wrinkling, a continuous and smooth surface amplitude undulation is one of the most
abiquitons topographic patierns observed in nature: arteries, lung surfactant, wreter, skin,
mussel bvssus, intestines, and the brain. Many of these wrinkling interfaces are also under
constant threat of biofouling such as platelet/thrombus adhesion in arteries or bacteria in the
lung/ureter/skin and on marine surfaces. Furthermore, these natural surface topographies
often change or actuate as a fonction of driving forces in the environment, such as, the
wrinkling and un-wrinkling of arteries with pulse pressure.

The present invention relates to dynamic surface topography that can improve
antifouling characteristics and functionality, and a new mechanism of antifouling. In certain
embodiments, topographic actuation from a smooth to a wrinkled surface induces a decrease
i foulant attaching to the swface. The swface remains undamaged during the process and
hence, repeated actuation vields a “selfrenewing” surface that can resist biofouling.

An object of the present invention is to provide the ability of surface actuation,
or eychical wrinkling and unwrinkling, to reduce platelet adhesion and aggregation regardless
of the chemical make-up of the surface. Itis contemplated and understood that sinular
concepts may be applied to blood biofouling, but more specifically, to provide new kinds of
vascular grafts that rely on continuous topographic actuation to stay clean, ¢.g., free of
biofouling.  Another object of the present invention is to provide synthetic sarfaces that
resist biofouling by demonstrating mechanisms and properties inherent to natural surfaces,
e.g., artery surfaces. The surfaces transition from wrinkled to smooth when strained. For
example, surfaces can wrinkle when compressed and become smooth when stretched.

In general, it is desired to design and develop a new approach to the problem of
vascular graft fatlure due to undesirable cell adhesion. The addition of surface geometric

instabilities in tenms of wninkling and folding to mimic native arterial luminal geometry mayv
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provide a coarse-grained biophyvsical control parameter for platelet surface aggregation and
adheston. This strategy and mechanism may be applied to a wide variety of existing grafi
materials in open and endovascular devices, providing a cost-effective and implementable
modification to current standards of healthcare. Moreover, the new designs may be used on
any blood contacting catheter, such as, a venous central line, infusion port, Hickmann line,
and tanneled dialysis catheter {TDC). These lines, especially the longer mdwelling ones,
have a high nigk of thrombosis and fatlure. Formulating a catheter with an external or
internal surface that wrinkles and un-wrinkles is a matter of adding an additional layer to
existing catheters. Furthermore, while for the implanted vascular graft or endograft the
wrinkling and en~wrinkling would be driven by pulse pressure, an external catheter may be
connected with a small drive mechanism to simplify the design. These applications are
discussed in more detail herein for ease of description. However, it is contemplated and
understood that an object of the invention is to employ the inventive concepts in a wide

variety of applications.

SUMMARY OF THE INVENTION

In one aspeet, the invention provides a composite that includes a first layver composed
of a first matenial; a second layer composed of a second material; a ratio of modutus of the
first layer to the second layer from about 3:1 to about 10,000,0600:1; an mitial base
topography exhibited by the first layer; and a subsequent different topography exhibited by
the first laver, wherein the first layer transitions from the initial base topography to the
subsequent different topography as a result of strain apphed to the composite.

The first matenial can be selected from the group consisting of metal, ceramic, plastic,
elastomer, crosslinked polymer, and mixtares and blends thereof. In certain embodiments,
the first material 13 selected from the group consisting of polyester, polyolefin, polyethylene,
polypropylene, polytetrafluoroethyiene, polvethylene terephthalate, polvdimethylsiloxane,
epoxy, crosshinked polyester, cvancacrylate, and mixtures and blends thereof.

The second material can be selected from the group consisting of natural rubber,
synthetic rubber, fluoroelastomer, silicone rubber, silicone gel, thermoplastic polyurethane
elastomer, thesmoplastic polyolefin elastomer, thermoplastic vulcanisate, acrylic elastomer,
and mixtures and blends thereof.

The different topography may be selected from the group consisting of wrinkles,
folds, dimples, protuberances, and combinations thereof

The composite can have a configuration selected from the group consisting of a

4
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monolaver, bilayer or multilaver. The composite can have a configuration in which one or
more of the lavers of the monolayer, bilayer or multilayer 1s/are not continyous. The
composite can be in tubular or shell forms.

In another aspect, the invention provides a method of actuating a surface to transition

between a base topography and a different topography. The method includes (a) forming a

composite, which includes obtammg a material; modifying all or a portion of the matenal
such that a ratio of modulus of a modified portion to an unmodified portion is from about 3:1
to about 10,000,000:1, or a ratio of modulus of an unmodified portion to a modified portion
1s from abount 3:1 to about 10,000,000:1, or (b} forming a composite, which includes
selecting a first layer composed of a first material; selecting a second layer composed of a
second material, wherein a ratio of modulus of the first layer and the second layer is from
about 3:1 to about 10,000,000:1; and connecting the second laver o the first laver; applying
a strain to the composite; and transitioning the modified or unmodified material in step (a) or
the first layer in step (b} from the base topography to the different topography.

The transitioning can be effective for anti-fouling. Additionally, the transitioning can
effective for controlling adbesion.

The transitioning may include activating the topography, producing instability of the
topography, controlhing wavelength of the topography, and reverting to base swrface or
deforming to another different topography.

The strain can be determined by equation {1):

wherein, E‘If is stram, £ is pressure, £ s modulus, Ly, Lo are the relevant geometric

parameters of the systen.

The optimizing the transitioning from the base topography to the different

tapography can be according to eguation (2):
A\ = N = 1y A e VAP A -l
g(}&) =] 'f (73) - l"}c"’/fﬂ Ko~ I"(fou/b\) (1)
wherein, X 1s the curvatare, 4 K is the change in curvature, is K¢ the critical

curvature, and (X)) is the degree of surface renewal.

BRIEF DESCRIPTION OF THE DRAWINGS

A further understanding of the invention can be gained from the following
4 g &

description of the preferred embodiments when read in conjunction with the accompanying

N
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drawing in whicl:  Figure 1 shows scanning electron microscope images of platelet
deposition on interface surfaces of composites, in accordance with certain embodiments of

the mvention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present mvention relates to substrates and composites having dyhamic, reversible
surface deformation including texture or geometric instabilities, e.g., surface wrinkling and
folding. The surface deformation and its reversal to the original surface form or to another,
different surface form, 18 effective to reduce or prevent surface fouling and, more
particularly, in certain applications, to reduce or prevent unwanted platelet adhesion and
thrombus formation. The substrates and composites include a wide variety of designs and,
more particularly, biomedical-related designs, such as, syathetic vascular graft or patch
designs.

Furthermore, the present invention relates to novel, setf~cleaning, anti-thrombotic
synthetic surfaces. The inner surfaces of arteries and veins are natwally anti-thrombogenic,
whereas synthetic matenials placed in contact with blood quickly foud with thrombus. The
synthetic surfaces according to the present invention use actuating surface topography to
reduce or preclade thrombus fonling. The synthetic swrfaces are constructed to repeatedly
transition between original and different topographies, e.g., smooth and wrinkled states.
When placed in contact with blood, for example, these synthetic surfaces display
significantly less platelet deposition and thrombosis as compared to the same materialy
exposed to blood under static conditions, e.¢., absent of topography transitioning.

The invention provides a novel mechamsm of antifouling in which topographic
actuation and the ability to cycle from a smooth to a wrinkled surface, and to another
different surface, induces de-lamination of films/fouling adbered to the surface. The surface
remains undamaged duoring the entire process and hence, repeated actuation and reversibility

bl

vields a “self-renewing” surface that can resist biofouling.

Wrinkling, a continuous and smooth surface amphitude undulation, is one of the most
ubiquitous topographic patterns observed in nature: arteries, lung surfactant, ureter, skin {(e.g.,
human, dolphin and mussel byssus), intestines, and the brain. Many of these wrinkling
interfaces are also under constant threat of biofouling, such as, platelet/thrombus adhesion n
arteries or bacteria w the longfareter/skin and on manive surfaces. Swrface wrinkles, in
accordance with the invention, can be generated using a laminar composite, wherein two

lavers are musmatched in thickness and stiffness.

6
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The novel synthetic substrates in accordance with the invention can be used for a
wide variety of applications and, more particularly, for biomedical applications, such as, for
vascular grafis and patches. In certain embodiments, the synthetic vascular grafts and
patches can be used to replace or repair native artery and vein conduits. in other
embodiments, the synthetic substrate designs can be used as new catheter designs. The
synthetic substrate designs can inclade various shapes and sizes, such as, but not limited to,
cylindrical, tubular and shell forms. [n certain embodiments, wherein the vascular grafts and
patches are nsed to mimic a native vein or artery conduit, they may be in the shape of a
cylinder or tube. Typically, the inner surface of the cylinder or tube is exposed to blood,
which has the potential for fouling of the inner surface. Alternatively, the outer surface may
also be exposed to blood or other liquids that have a potential for fouling. Thus, the inner
and/or outer surface of the vascular grafts and patches can be deformed, e.g., wrinkled and
subsequently smoothed, 1 accordance with the designs and methods of the invention to
reduce or prevent fouling.

In certain embodiments, e.g., for the specific application of prosthetic vascular grafis,
pulse pressure, i.e., the continual variation of blood pressure between systole and diastole,
may be used to preduce topographic actuation. Soft evhndrical tubes are constructed with a
luminal, synthetic surface that can transition between smooth and wrinkled states. Upon
exposure fo blood under continual pressure pulsation, these cvlindrical tubes also exhibit
significantly less fouling as compared to the same matenals exposed to blood under static
conditions. The anti-thrombotic activity can be exhibited even when the wrinkles have
wavelength of several ten microns, significantly larger than individual platelets. The anti~
thrombotic action may be attributable to a novel biofilm delamination process.

For ease of description, the disclosure herein is primarily directed to the deformation
of substrates and composites for vascular grafts and patches. However, it is contemplated
and understood that the designs and methods of the invention bave a wide variety of
applications for deformable surfaces m contact with liauds that have potential for fouling
the surface and wherein, there is a desire to reduce or prevent fouling of the surface by
causing dynamic, reversible deformation of the surface. This includes foulants that may be
encountered outside of the medical arena, e.g. biofouling of marine surfaces, mineral
depositions in industrial applications, or ice deposition onto surfaces.

in general, the novel synthetic grafis and patches inchude the use of mechanical

energy focused at a liquid/selid interface of a surface. Typically, the sarface of the substrate

7
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is exposed to a liquid, such as blood, that has a potential for unwanted fouling of the surface.
Dynamic, reversible surface texture, e.g., surface wrinkling and/or folding, is used to reduce
or prevent unwanted fouling, such as, platelet adhesion and thrombus formation. Known,
conventional strategies focus on controlling adhesion via chemical means. The present
invention provides surface renewal that can be effective to control fouling. Surface renewal
can be the sole mechanism for controlling fouling or may be coupled with known chemical
maodification approaches.

Dynamic, reversible surface topography can produce an anti-fouling, svnthetic
surface. For example, activation of surface deformation provides a deformed surface that is
not static. The deformed swrface can be reversed back to the original surface or the
deformed surface can be further deformed to another, different deformation. Thus, the
surface can cvcle between variops geometrical topographies. Without mntending to be bound
by any particular theory, 1t is believed that activation of the one or more deformations and
the cyclability between the deformations, is effective to reduce or prevent fouling of the
surface. Further, it is believed that controlling the deformations and cycling of the
deformations can be effective to control or tune the forling of the surface for use i a variety
of applications. For example, in certain emboduments, the present inventien is effective to
reduce or prevent platelet adhesion from whole bleod to a synthetic pelymer surface. Asa
result of surface deformation, platelet adhesion to the surface may be reduced by almost

7%, as compared to platelet adhesion to the surface absent of the surface deformation.

In certain embodiments, a composite may be constructed according to the invention
that includes a first layer composed of a first material and a second layer composed of a
second matenial. The first material can be selected from metal, ceramic, plastic, elastomer,
crossiinked polymer, and mixtures and blends thereof. Non-limiting examples of the first
material for use in the invention can be selected from polyester, polvolefin, polyethylene,
polypropylene, polytetrafluoroethylene, polvethylene terephthalate, polvdimethylsiloxane
{PDMS), epoxy, crosslinked polyester, cyanoacrylate, silicone, and mixtures and blends
thereof. A wide variety of suitable polymers are known in the art. The polymer may be
selected from those that are known for use in biomedical applications. In certain
embodiments, a synthetic polymer surface is composed of PDMS. The second material can
be selected from natural rubber, synthetic rubber, fluoroelastomer, silicone rubber, silicone
gel, thermoplastic polyurethane elastomer, thermoplastic polyolefin elastomer, thermoplastic
vulcanisate, acrvlic elastomer, and mixtures and blends thereof.

Endowing the surface of a first layer, ¢ g, polymeric substrate, with a deformation, e.g.,

&
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texture, pattern, wiinkles, folds, dimples, protuberances and combinations thereof, can be
effective m reducing biofouling by decreasing adhesion of ynwanted matenial, ¢.¢., platelets
for vascular grafis, to the surface of the substrate. Surface topography is used to coatrol
adhesion, as well as to control wettability, friction, and viscous drag of a surface. Generally,
when rough surfaces are prepared from compliant materials, their topography can be
changed in response to mechanical, chemical, thermal, or flow fields. Such dynamic surface
topography can greatly nnprove antifouling characteristics/functionality.

A natural arterial luminal surface is not flat, and contains topography that s sensitive
to internal pressure. Without intending to be bound by any particalar theory, it is believed
that sarface topographic instabulities, sach as, sinusoidal wrinkling and folding, can function
as a coarse-grained biomechanical control parameter for platelet surface aggregation and
adheston. A flat surface can resalt in platelet adhesion thereto, whereas, a swface with
wrinkling and folding can prevent unwanted platelet adhesion and thrombus formation.
Wrinkles can be generated using, for example, a bilayer composite having a superficial layer
bonded to a bulk support layer, wherein the superficial layer is thinner and stiffer as
compared to the support layer, and the support laver is softer as compared to the superficial
layer.

In certain embodiments, surface wrinkles or folds or dimples or protuberances or
combinations thereof, are generated by creating a stiffness mismatch withina nwltilaver, e.g.,
bilayer, composite. Different layers of the composite may be composed of silicone rubber or
sitica or some other combination of materials. of which at least one 1s stiff and one 1s soft.
One layer is a thin stff membrane, which is adhered to a different layer that is significantly
softer. The soft layer may be denoted as the base layer. In certain embodiments, the stift
layer is in the form of a film, e.g.. a polymeric film, which is stiffer, as compared to the
stiffness of the lower layer. The stiffness mismatch between the top layer and the bottom
layer may be created using various processes. A silicone rubber surface can be stiffened by
exposure to ultra-violet ozynolysis (UVQ), which vitrifies the surface into a thun layer of
sthica. The advantage of UVO treatment methods is the ability 1o create very thin and well-
bonded surface lavers. To create uniform surface layers with minimal defects, the samples
can be positioned in an oxygen-enviched reaction chamber and irradiated for a period of time,
such as but not limited to, about 90 minutes. If the irradiation is done to a silicone rubber that
is held stretched, then after completing irradiation, veleasing the stretch induces the stuff layer
to wrinkle, whereas re-stretching would induce a smooth surface. If the uradiation is done to

a silicone rubber that is held in its stress-free state, then after completing the irradiation,
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compressing the silicone rubber induces wrinkles, whereas releasing the compression would
induce a smooth surface.

In other embodiments, surface wrinkles or folds or dimples or protuberances or
combinations thereof, are generated by bonding a thin stff film to the surface of a softer
sheet of another matenals. The stiff material may be polymeric, paper, metallic, ceramic, or
other like matenal, whereas the softer material may be polymeric, rubbery, a polymer foam
or a non-polymer foam, or other soft material. If the softer sheet is held prestretched during
the bonding process, the swface wrinkles upon refeasing the prestretch. If the softer sheet 1s
held relaxed during the bonding process, the surface will wrinkles apon compression.

in still other embodiments, surface wrinkles or folds or dimples or protuberances or
combinations thereof, are generated by depositing a thin liquid film onto the surface of a soft
material, and then allowing the thin film to change into a stiff solid layer by means of a
physical change {e.g. freezing or vitrification) or a chenncal change {e.g. chemical reaction,
crosshnking, polvmerization). If the softer sheet is held prestretched during the bonding
process, the solidified surface laver wrinkles upon releasing the prestretch. If the softer sheet
i3 held relaxed during the bonding process, the surface wrinkles upon compression.

In accordance with the invention, a composite can have a configuration selected from
a monelaver, bilayer or multilayer. In certain embodiments, one or more of the layers in the
configuration is/are not continuous.

In certain embodiments, the multilayer composite includes an elastomeric sheet that
1s approximately planar, but capable of transitioning from being wrinkled to being smooth
when stretched. The elastomeric sheet endowed with a wrinkled surface is bonded to a
pneumatic actuator base which is pressurized or strained, causing the sheet to batloon
outwards. The stretching of the sheet then causes the wrinkles to smooth, With repeated
pressurization and depressurization cycles, the surface is transitioned continually between
wrinkled and smooth textures. The wrinkled surface itself is generated using UV-ozone
(UVO) treatment of polvdimethylsiloxane (PDMS) silicone rubber. The mflation 1s used to
drive a wrinkle-smooth transition at the surface. A pneumatic actuator base cast from
silicone 13 constructed and a sheet of PDMS is bonded to it. The exposed surface of the
elastomer sheet is then subjected to UVO treatment, which is known to vitnify the surface
it a ~100 nm thin layer of sitica which is much stiffer than the elastomer. The wrinkles are
generated by uradiating under presswrized conditions when the elastomeric film is distended.

Due 1o the rectangular geometry of the ballooning sheet, the elastomer stretching is

1¢
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predominantly uniaxial, and a stretching of 30% alenyg the short axis 18 used. The silica fayer
formed due to UVO treatment is strain free under pressurized conditions but upon reducing
the pressure, the elastomer retracts and compresses the silica laver, leading to wrinkling of
that layer with a uniform wavelength.

Repeated stretching of a smooth surface, by itself, can reduee blood fouling of the
surfaces. Furthermore, continually actuating a surface to transition between a base
topography and a different topographby further reduces thrombus formation. It is known that
the pulsatile flow of the natural circulatory system offers a driving force to provide continual
actuation of grafts. Natural arteries expand and contract several percent with every pulse
cycle. The normal pressure pelsations can drive small amplitude stretching and relaxation of
the synthetic grafts, which can then drive the continual smooth to wrinkled transition of the
luminal surface. This concept is Hllustrated and mimicked by the svathetic substrates and
surfaces of the present invention. For example, a cylindrical tube endowed with a stff mner
wall is wrinkled in a low pressure state and smooth when inflated to a higher pressure state.

In general, the invention includes actuating a surface to transition between a base
topography and a different topography, wherein a material can be at least partially modified.
For example, the material surface can be fully or partially modified. The ratio of modulus of
the modified portion to the unmodified portion can be from about 3:1 to aboat 10,000,000:1,
or from about 3:1 to about 1,000,000:1, or from about 3:1 to about 100,000:1; or the ratio of
modulus of the unmodified portion to the medified portion can be from about 10,000,000:1
to about 3:1, or from about 1,000,000:1 to about 3:1 or from about 100,000:1 1o about 3:1.
in certain embodiments, for a composite, the first layer is composed of a first material and
second layer is composed of a second matenial selected such that the ratio of modulus of the
first layer to the second laver is from about 3:1 to about 10,000,000:1, or from about 3:1 to
about 1,000,000:1, or from aboat 3:1 to abowut 100,000:1. The first layer exhibits an initial or
base topography and subsequently exhibits a different topography. The transition from the
initial or base topography to the different topography can result from the application of strain

- ) } . /- £ : . Lo h
to the composite. The strain can be determined by ¢l = ) f (P ,_E,L;,Lg, . ) wherein, €” is

strain, £ is pressure, £ is modulus, Ly, Lz are the relevant geometric parameters of the
system,

Laminar composites, wherein two layers are mismatched in thickness and stiffness,
are inherently challenging to construct because of the length scale separations and sarface

concentrated deformations that make de-adheston a problem. Relevant system parameters
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surface compressive strain; and (ii1) eritical surface compressive strain needed for wrinkle
onset € = [/¥3,

in certain embodiments, synthetic graft designs according to the invention are
emploved to replace pative veins or arteries, wherein cardiac pulse pressure drives or
activates the dypamic wrinkling and un-wrinkling of the surface. The cylinder strain
under appropriate boundary conditions as a function of internal pressurization up to 8 kPa

(pulse presswre) is considered. & hoop stramn provides an approximation to this parameter

and is a function of cylinder thickness (), radius (), modulus ¢, and pressure

selected and optimized, such that pulsatile flow with a pressure vanation i the range of §
kPa can drive surface wrinkling and un~wrinkling of the jner surface of a evlindrical
geometry.

The formula governing wrinkle appearance 15 generally as follows. A bilaver, with a

thin stiff membrane adbered to a soft substrate under an applied strain E, wrinkles with two
characteristic length scales: wavelength A ~ (B/Es)  and amplitude 4 ~ AL,

where B is the membrane bending stiffness and Es the substrate modulus. To the flat or
weakly wrinkled bilaver is adhered a softer patch of material, e.g. a bacterial film or platelet
aggregate forming the nidus of a blood clot on an arterial surface. The interfacial stability is
nitially dominated by the chemical mmteraction between the surface and the patch, defined
through the adhesion energy ¥ As the bilaver beging to wrinkle, the topography,
characterized by surface curvature K. = A/ AZ prows as amplitude increases with bilayer

compression. At some critical amplitude Ag, the adhered patch begins to delaminate from

the wrinkled surface forming discrete blisters of length Jand amplitude A; that co-exist with

still attached material. Moreover, once de-adhesion nucleates, nterfacial cracks spread
bevond the imtial farlore zone inducing delamination of the entire patch. Since the wrinkling
mechanics of the bilayer are preserved during this de-adhesion process, the surface may be
stretched back to its onginal clean state, hence the tenm “a mechanically-renewing’ surface.
There is an interplay between the surface defined topography length scale (1) and the

12
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patch thickness /1 {its dominant length scale in plane strain conditions). For thin patches,
both Aand / play a role in defining interfacial stability. Hoswever, as patch thickness
increases, delamination becomes independent of patch geometry and is a function of surface
topography. The cross-over accurs for i~

A difference between the blo-inspired surface renewal mechanism of the present
invention and buckle and wrinkle-delamination mechanisms seen in traditional composite
materials, Is the de-coupling between the adhered patch elasticity and the mechanics giving
rise to surface wrinkling. The wrinkles (topography) participate only in so far as they tmpose
a boundary condition onto the adhered patch. Likewise, the softness of the patch prevents it
from mfluencing the wrinkling mechanism. This allows the wrinkled surface to be renewed
but remain mechanically intact, in contrast to buckle-delamination, wherein interfacial failture
leads to the suppression of surface wrinkling and overall mechanical fatlure of the bilaver
material.

The present invention may include one or more of the following mventive concepts
and benefits, as compared to traditional mechamsms. While the description is directed to
antifouling due to competition between elastic energy and adhesion energy, it is
contemplated and understoad that other mechanisms may also be relevant,

1 A surface renewal mechanism whereby energy release of stored elastic
energy in an adlaver drives interfacial crack propagation and therefore, adlayer de-adhesion
and sarface renewal.

la.  Topography imposes a boundary condition onto the adlaver patch,
causing an increase in its elastic energy. The topography and mechanics of the topographic
surface are not affected by the adlayer, and participate only throngh the application of
surface-derived boundary conditions, 1.¢. the topographic surface remaing mechamcally and
chamically intact between actuation cycles. The energy balance caleulation leads to a

general formal predicting the onset of surface renewal:

(H
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Formula | defines in the most general way the mechanism. {t can be specifically

defined for different suwrfaces and adlayers. K¢ s the local curvatare of the acteating surface.

It is a function both of surface spatial parameters and time: K¢ = I§C('X._,)/',z, !) and -fg{: is an

effective elasto-capillary or elasto-adhesive length scale which combines the elastic

properties of the adlayer and the adhesion strength with the substrate.

L1 Surthce Topography - Defining K

Topography of a general surface is linked to the variation in height along the
surface. Geometrically, surfaces can be defined as fanctions of intemnal lengths hike arc
length (/) that move along with the surface or paramerizations in given coordinate systems.
A common method is to define a particular height function #(x, vy which is a
paratemerization of the (x,y)-plane:

2}
oo
where %e» Sy and€x are the unit vectors in the x, ¥, and = divections respectively.
The surface carvature is defined as the dertvative of the surface tangent vector or second
derivative of the spatial functions:
L odt SE D
dl (3)

An important realization about these geometrie defimtions iy that they are local and
make no assumption on the global geometric or topographuc structure of the surface.
Furthermore, the above equations do not require that the surface have global continuity. The
sole requirement is that there be piecewise continuity that allows a local curvature to be
defined. If the functional form of the surface is defined, then a functional form of curvature
can be obtained. However, curvature is convenient because it can also locally be linked to

well-measured surface length scales. For instance, for a sinusoidally wrinkled surface

. Gy ‘ . ) ) s 3 A3 -

{which is detailed separately below), the focal curvature is § ~ A/A°, where 4 is the
wiinkle amplitade and £ is the wavelength. Since it is a local parameter, measarement of

curvature is not limited to globally well-behaved functions. There are alternative modes of

generating surface curvature with a pattern of alternating sarface stripes and roughs. In thig
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patterned surface, effective amplitude (individual blade height #) stays relatively constant
while the inter-blade separation acts as an effective surface wavelength A¥. The curvature in
this case 1s defined as Ky ~ /?’( }&.*\)‘2

Depending on the particular mechanics of the surface, etther amplitade (local
vertical height) or wavelength (local horizontal spacing) or both change during an actaation
cycle. The particular inttial topography and subsequent {oading mechanism will make the
surface either a amplitade-driven, e.g., wrinkled surfaces, or wavelength-driven, e.g., striped
surfaces, system as it concerns curvatoge actuation.

From a surface design standpoint, K¢ 1s the targetin the fabrication process of the
surface, e.g. vasealar graft, membrane filter. It is a geometric property of the surface which

provides a novel surface tuning parameter not explored previously.

1.2 Adlaver Blasticity and Surface Adhesion ~ Defining f&&

The sarface imposes a deformation ficld onto the adhered adlayer. The deformation
field is a fanction of surface curvature K. The adlayer is removed from the surface once a
critical carvature is reached, mainly once the potential elastic energy stored i the adlaver,
because of surface curvature, reaches a critical value. The cutical value is proportional to or
greater than the adhesion strength of the adlayer and surface. It can generally be shown
using an energy balance approach between sarface and elastic energies that the critical

curvatare (K¢) 1s proportional to the inverse of an effective elasto-adhesive or elasto-

capillary length scale (£ ec):

Ko~ 1/

1b. Actuation of surface topography between state 1 and state 2, state of
lower and higher curvatures (as defined above), causes the build-up of said elastic encrgy
leading to a critical peint occurring at some curvature between state 1 and state 2, at which
enough stored energy is accumulated to compete with surface adhesion strength and the
onset interfacial failure occurs. Patch de-adhesion and interfacial fracture between patch and
surface is driven by release of the stored elastic energy imposed by surface curvature.

The surface ts destgned with a given initial surface topography, characterized by a

curvature K;, and a targeted final surface curvature Ky, Built within the design of the surface
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1s a method of changing the surface curvature as a function of some externally or internally
mnposed boundary conditions by compressing, stretching, or twisting the surface; there may
be four canonical loading mechanisms for a cylindrical graft like geometry.

1g. Atany given tme point, a topographically actuating surface is covered

with patches having different steuctures and geometries, such that fe is 2 random variable

that can assume the values § < £ < w with a distribution P{£). In this framewark, the

mg { e g P g,{ii‘

characteristic length isbte . Given a range of Ak imposed during

cach actuation cycle, the fraction of patches meeting detachment critenia

By mee i ae
Kb = 1)is | ,“ F{&Yde L , y
Tp 7 A where the limits of integration represent the radi of curvature

begins with a flat surface, R; = 20, since all patches with € > Ry must detach, the fraction of

remaining attached patches after a cycle of actuation is:

§ o &g .
flr) = / P{tyde
RE @)

Thus, the surface density of remaming patches (o) 1s calculated knowing the initial den-

i E o N
() = g e
sity {po): p = K )po. To fix ideas, an exponential distribution” V¢~ & .is used,

although the results are equally applicable to other distributions. When lf;;f ee »» 1, it means
the imposed curvature is sufficient to detach patches with length scales covering the average

; U, SR oan o - ' PR
and larger lengths, the fraction 13\/( K)= ]/(k,:f{u(z(f)‘ Defining the critical curvature Ko =
1/ € for the average value of the critical length and using 4K = Ky for this specific case,
there 18 written f( K) = K v AK This analysis predicts that for randomly aggregating surface
adlavers, surface renewal is improved by increasing the range of surface curvatures /%
during each actuation ¢yele.

The key result of the above analysis 1s the relation:
gr)Y=1-fK)=1-k/d K~ 1-(feedr)

It predicts that the degree of surface renewal g(K) is proportional to the ratio of the
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mean critical curvature or adlayer elasto-capitlary length and the range of cwrvatures during

on actuation cycle. Optimized surface renewal is achieved as g{x) approaches 1.

2. Wrinkles impose one specific form of reversible surface topography that can be
used 1o drive surface renewal,

Surface wrinkles are a general and well controlled method of generating reversible
surface topography with curvature proportional to a ratio of wrinkle amplitude and
wavelength: K = A/4 % Wrinkles are generated by placing a composite {two-layer) surface
with a thin stiff layer adhered to a softer thicker layer under a compressive or tensile stress.
The wrinkle wavelength ( 1) is a strain free intrinsic length scale which appears after an
initial critical compressive strain is achieved (&, = (ZAE,;;,I'_FKY) 23) The wavelength is a
function of the thickness of the stitfer thimer layer () and the ratio of the elastic moduli of

the two layers:

\1/3

) E

A= 237k (««ff’“) (6)
-5

where f5, > f£. Wrinkle amplitnde is a function of in-plane nominal strain (€;,) beyond ¢,

and A
A "6:,72_" )y )

The dynamic surface curvature can be written using geometric definitions and the

above relations as

Equation 8 shows that for a wrinkling surface the degree of surface curvature is
proportional to an mtrinsic constant of the material construction 4 (fonction within curly
brackets of Equation 8) and imposed nominal compressive strain. When being used to design
materials with actuating surface cuwrvatures, the designer sets 4 through the choice of
materials for the given apphication and tunes it given the known amount of available strain in

the given system. Within the formalism defined in 1 above, the criterion for surface renewal
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for wrinkled surfaces can be re-written specifically for wrinkled surfaces as:

R S S i 2
;\“{l\ii ¢ XX f\i\ f«:‘i} 1S ¥p¥ . t}zj N {,\ .........
S {9}

Given that 1 most real-life settings the relevant and controllable parameter during

surface operation will be imposed nominal strain, a critical nonunal sivain can be defined:

E'?’Lf’ﬁ' o~ i A SN
S AL (10)
2a. Forwnnkled surfaces, the precise relationshnp between eritical surface

& e

curvature ¢ adhesion strength v, adlaver strength /£, and adlaver thickness £ in the

THIN adlaver regime (meaning adlaver thickness 7 less than wrinkle wavelength A) is given

by:
o X
Ko =
£ TR
10 {n
The critical nominal strain for surface renewal can therefore be written as:
€t e
" AER (12)
This relation is vahdated through computer simulations.
As the sarface wrinkles, the topography imposes a boundary condition onto the
15 patch, causing an increase in is elastic energy. Assuming the deformation occurs quasi-
statically, in the thin patch imit, bending energy dominates patch elasticity and is estimated
(7 i BrrdA s B wl .
as Uy AAPE AR AT where L s system length, wits width, and
.3 : N - ) . ey . ~ . I
B = EPA2(1 v ?) is patch bending stiffness. As part of the patch (length / < 2} de-
adheres_ the elastic energy gains two new contributions: the new hending energy of the
. . 8 N E? { “,33}*} 1 . R
20 detached region with smaller curvature  * LS and the elastic energy

B [ﬁ\‘g” wl
dissipated dwring the transition; Y 8 F Since new surfaces are created during

2l o s s g s : SR . r
interfacial failure, the interfacial energy {4 = { 4 ¥ dA, must be added to the elastic term,
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2 2
i . Ag A
giving the total energy: Up~Up + (B (‘l—z-) - B (7;;) + ]/) wl, where A = wl
15 the area of detached interface. Using the inequality AP << A% 3 which by the

. .. W D o N . . ~ 3
inextensibility condition A = A//-.-wp NE, 15 equivalent to assuming [>>4  allows us to

neglect the second term in {7, and obtain the condition for patch de-adhesion by minimizing

1943

the reduced total energy with respect to £ olUr=10, giving the critical amplitude for patch

: /”}: Qi & %) ~ l‘.\\.... 3
. A{: A A /\ ~ {}: J
de-adhesion as \& A

. ) . : 24
The critical simulation amplitudes are normalized by A /(E i kel §
2h, For wrinkled surfaces, the precise relationship between critical sarface
A>3

curvature fp . adhesion strength v, adlayer strength /|, and adlayer thickness 7 in the
10 THICK adlayer regime {meaning adlaver thickness f greater than wrinkle wavelength }is

given by

}!\\ ,,,,, ( ) ) E
&p‘ ..... i -': 3
o B A3 (13)

¢ }‘ }\ ¥
e ™ TR |
A‘“.fw © (14)

15 This relation is validated through computer sinwlations as well as experiments.

In the limit £4 > 1. the increased thickness of the paich prevents energy release by
pure rotation or bending. The simulations and experiments point toward a near-interface
mechamsm whereby only the strains near the bound mterface are released. The elastic stram

g g Ly = SRS L » L x
energy of a thick free slab s 8 ™ 27% % hhere ¢ s the strain fraposed and Lw/ is the
20 volume. However, near the wrinkled interface, the local strain energy is increased because of
the extra surface deformation field proportional to € ~ Oylly ~ A7 . Similarly, the laver

deformed by the wrinkled substrate has a volume Lwd where df is a penetration length

estimated as f ~A . Hence, the strain energy in the attached thick patch is

19
SUBSTITUTE SHEET (RULE 26)



WO 2018/075595 PCT/US2017/057111

mitially lacks sufficient freedom to bend and release the compressive strain by rotating,

. Since the patch is thick, once a subset of length 7 detaches,

¢ Y . Y e i . i ]
therefore it keeps its initial strain energy L. The new elastic energy is U g X Ug —
3 Ee i IwA, where the last term gives the release of elastic energy becanse of fracture.
S Including the interfacial energy as above, gives the total elastic energy for £ /A4 > 1.

, 1 5, . .
U '?"NUO + > E 6{}‘ (L - l)W/l + }’Wl. Minimzing Uy with respect to / yields the

6%

Y

R

1S SR WA SR
critical amphitude 1 the thick patch limit. ~ ¢ ( - )
2¢. Silicone composite materials (a softer silicone substrate with a stiffer silicone

sk} both in flat and cylindrical geometries with wrinkles m the 30 to 1000 pm range, with

Hy  aninner diameter of 3 mm and wall thickness of I mum were constructed, and shown o have
decreased platelet adhesion. For both the flat and cylindrical systems, the wrinkle wavelength
is selected as outlined above, Equation 6. The surface curvature is actuated between zero and
a maximam curvatare following the scaling oatlined in Equation 8. In all of the validation

experiments, the cylinders were designed such that maximum curvature Ky achieved

18 duning an actuation cvele was larger than the entical cwrvatare needed to dislodge adhered
s : . B O }‘{.i‘:':" : A > kA
platelets or micro-thrombi formed on the surface: nex 7 e (2a) and N 7 g

{2b).
The present invention relates to developing a vascular graft with intemal wrinkling
topography that is actuated with pulse pressure. Biomedical and non-biomedical
20 applications are encompassed. Moreover, varions geometries and loading conditions can

be constdered, for example, as described below.

Riomedical Applications

Biofouling in biomedical devices Is essentially either in the form of blood surface
25 fouling or bacterial adhesion. Topographic actuation can dramatically impact blood foeling
and in particular platelet adhesion. The following is a list of target applications and devices.
Blood Fouling
Vascular Graft

Cylindrical vascular grafts are target applications. internal surface

20

SUBSTITUTE SHEET (RULE 26)



1o

o
L

20

360

WO 2018/075595 PCT/US2017/057111

topographic actuation is driven by internal pressure actuation. Methods of assembly include
a key step of creating a strain mismatch between the thin internal membrane and thicker
substrate. This can be accomplished using a planar pre-stretch system or via an alternative
method where by the polymers are cast onto acrylic rods of varying sizes and membranes are
mismatched to achieve the desired pre-strains. The internal diameters can vary and, m certain
embodiments, can be ~ 3 mm, which serves an un-mef climical need where current small
caltber (< 6 mm) grafts have prohibitively high faiturefthrombosis rates. Target applications
include below knee lower extremity bypass and coronary bypass {CABG) operations,
hemodialysis grafts, as well as venous reconstruction. Different vascular beds experience
different flow and hemodynamic forces {coronaries, tibias, arterial versus venous), the graft
desipn can be targeted for optimal topographic actuation given panticular vascular bed or
patient mput parameters such as How rate, diastolic, systolic, and mean pressures.

Vascular Patch

Patches with wrinkles can be assembled using a similar set of techoigues as for
the cylinders. Planar patch wrinkling and wrinkle actuation is produced asing an oscillating
pressure field. This geometry can be extended to allow for dual surface wrinkling of the
patch. Standard one swface wrinkling can be utilized in patch angioplasty arterial
reconstructions to again prevent surface fouling from platelet adhesion, artificial heart
membranes such as in the Carmat heart, and venous reconstructions. Dual swrface wrinkling
can be utihzed in patch closuwrefreconstraction of ventricular defects where there 13 blood
contact on both sides of the membrane. Lastly, doal wrinkle patches can be used in path
angioplasty arterial reconstruction in potentially infected surgical beds as can often be
encountered in the groin during femoral exploration.

Dual Surface Graft

A dual surface graft can undergo topographic actuation with wrinkling on
both the external and tnternal cylinder surfaces. Such graft constroctions can be used 1o
infected or possibly contaminated vascular fields to prevent luminal platelet adhesion and
external surface graft colonization by bacteria. Applications include surgical oncology
venous reconstractions where external contanuination is a visk because of concwrent Gl track
surgery. This construction could also be used in central ine constructions (TDC, port).

Endoerafis

Stent supported grafts are subject to the same degree (if not greatery ot blood
fouling and thrombogis as surgically implanted bypasses. The technology of dynamic

topography can be extended to the endogratt membrane material. Consideration of the affect
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of the supporting metal stent structure can be taken into account. The applications are
particularly strong 1n iliac limb thrombosis during endovascular gortic repair (EVAR) and
covered small diameter stents (e.g. Viabahn) for lower extremity procedures and potentially
N Coronary stents.

Hollow Fiber Systems - Dialysis

Continuous renal replacement therapy (CRRT) and hemodyalysis (HD)
systems are under constant threat of filter thrombosis. The vast majornity of these filters are
constructed as modules of hollow fibers, with blood entering the fiber lumen and dialysate
flud around the fibers; exchange of dissolved ions and water occwrs across the membranes.
In the case of HD, flow rates are high because patients wusually have an established high flow
AV-fistula or graft; the HD system can also be heparinized. However in CRRT, which 1s used
in acutely 1l patients who develop renal fatlure in an intense care setting, flow rates ave often
sluggish given only venous access furthermore these patients at baseline have a pro-
coagulant state becaunse of the acute pro-inflammatory state they are often in. CRRT circuit
failure secondary to thrombosis is very common and a source of sever cost and risk to the
patient. Internal and external membrane wrinkling can be conceptualized in hollow fiber
arrays, wherein external wrinkling is under axial loading. Modular design of hollow fibers
which undergo topegraphic actuation could substantially decease circuit failure secondary to

surface induced thrombosis, especially in CRRT.

External Yentricular Drainage Tubing - EDV

Patients who suffer traumatic brain injury often have a subarachnoid bleed,
blood must be drained from the ONS ventricles using a plastic tube. These tubes are under
constant threat of fouling and thrombus formation on the inner surfaces which obstructs the

therapeutic drainage. Dual tube actuation or only internal actuation can be used.

Bacterial/Non-Blood Fouling

Folev Catheter

Urinary drainage catheters are at constant risk for bacterial swrface
contamination, surface actuation both externally and internally can be used to prevent
bacterial film growth on bothsurfaces.

Artificial Ureter

Currently no syuthetic material 1s available for preter reconstructions.

Riliary Stenis

Biliary stents (ofien covered like endovascular stent grafts are placed in inthe
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bibary dramage system and under constant threat of surface fouling from adhesion of bile slats

and bacteria.

Indusirial Apphications

Membrane Filiration

The present invention may have a significant impact on MBR {membraue bio-
reactor/waste water wltra-filtration). MBR utilizes hollow fibers (typical dimensions 1.5nm
ID, 2-3mm OD) made from PVDF or cross-linked polysulfone (possibly other materials)
sealed at one end and attached to a vacuum at the other end. The MBR fibers are immersed as
a bundle wnto waste water sludge (very high particulate density), the lunminal vacoum draws
water across the membrane separating particulates from water. A substantial existing
challenge with this filtration technology is fouling on the external fiber surface. This

challenge s currently addressed by air scouring the hollow fibers. Dnving pressurized air

though the fiber bundles mechanically vibrates the fibers and induces disruption of fouling

layers deposited on the external surface. There is a need for better anti-fouling methodologies
i MBR svstems, since air scouring has significant energy costs associated with it,
accounting for nearly 40% of operation costs. Dynamic topography provides a potential
implementation of fiber external surface topography driven by air scouring, at potentially
reduced frequencies, as a method to introduce surface energy to compete with adhesion on a
smaller and more targeted length scale. Currently these fibers are on the order of 2mn

length. Given the length and thickness (~ 0.5 — 1.5 mm} and large stiffhess of the current

materials, it is unlikely that the fibers bend into modes with curvatures greater than 1 mm’.
The dynamic topography approach can increase these surface curvatures by more than 3
orders of magnitude if a targeted surface wavelength of 100 - 500 microns is achieved. An
approach can include using the avaitable surface strain generated by air scowring the entree
fiber to driver surface instabilities like wrinkling. The challenge is material selection and the
creation of a hollow fiber with a bilayer construction, with a stiffer thinner external laver and
a softer thicker inner layer. A similar approach may be applied to other industrial tubing
surfaces, such as, but not limited to biopharma reactor chambers and food conduction tubing,
such as, i the milk industry.

Ship/Marine Vessel Anti-Fouling

Shear flow over a surface can generate an in~plane displacement on a bilayer swface

and lead to reversible surface wrmkding that could drive surface renewal. A two coat paint

application can be used having a first coat thicker and softer, and a second much thinner,
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stiffer layer.

Power Line Anti-leing

lce formation on cables is a significant problem for power outages during winter. A
strategy for ice disruption is external surface wrinkling and un-wrinkling with the stramn being
provided by the bending/twisting of the power line by its interaction with the wind.

Directional Wetting/Water Collection

A surface can be wrinkled overnight allowing water condensation onto it and water
retention becaunse of the topography. At some other time point {e.g., moming), the surface can
be wn-wrinkled by application of a simple stretch smoothing out the topography and allowing
the water to be collected.

Conduction Tubing

A variety of industrial applications and systems utilize polvmer-based mbing to
carry complex fluids which often stick to the surfaces of the tubing causing fouling. Examples
of this include food processing (milk, dairy, fruit juice, and the hike), antomotive (file injector
systems), non-automotive engines {agam fuel injector systems especially in diesel based

engines), petrochemical processing (heatexchangers).

Loadine Mechanism and Load Mechanics

The standard formulation to generate wrinkles 1s a compressive in-plane strain onto a

bilayer composite structure. Once this strain reaches a critical value proportional 1o £¢ ~

A

R

(2Y) 7, where ¥ again is the modulus mismatch ratio of the two composite materials,
wrinkles appear throughout the sarface on the side of the thinner membrane. The physics of
wrinkling are not dependent on the source of compressive strain, meaning they ave de-
coupled for the most part from loading conditions and boundary conditions. As long as the
membrane/sabstrate interface experiences effective compressive strain, wrinkles will appear.
For practical applications, the details of the loading mechanism are paramount, since the
loading mechanism produces the actuating field which drives surface amplitede actuation
and therefor surface renewal. In the theory of shells, nearly every load can be reduced mto
radial and axial components; as such for the composite eylinders, any possible toad
encountered in an application will produce wrinkles. Another canonical load i helical
twisting along the long cvlinder axis. Likewise in planar geometries, a wrinkled patch can be
loaded by pressure on either side causing surface actuation. Lastly, how a given topography

actuates with the applied global (nominal} strain depends on the physics of that topography.
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With wrinkles, amplitude actuation scales as the square root of the nominal strain. In the case
of non-wrinkle based topographies, there 1s no analytic formulation to predict the amplitude
of surface curvature actuation with the nominal strain field. In this case, each particular
system is evaluated with numerical simulations to gaim an understanding of topographic

changes with a given applied load eycle.

Materials

Broad material properties that are elastomeric (e.g., polvurethane, polyolefin,
sthicones), metals, and foams (e.g., metals, plastics, gradient of porosity for hollow fiber).
The type of materials that can be used is dependent on the mechanism with which
topography is generated. In the case of wrinkling, because it induces high surface straing, the
materials must be elastic to at least 10 percent strain.

Fabrication Methods

Two approaches include methods for making patches with one-sided wrinkles and

cvlinders with one- or two-sided wrinkling.

It will be appreciated by those skilled in the art that changes could be made to the
embodiments described above without departing from the broad inventive concept thereof.
it is understood, therefore, that this invention is not limited to the particular embodiments
disclosed, and described in the following exanmples, bat 1t1s intended to cover modifications

that are within the spirit and scope of the invention.

EXAMPLES

Example 1

The concept that surface strain and topographic actuation reduces unwanted surface
adhesion was tested as follows. This example considered surfaces that were approximately
planar, but capable of transitioning frons being wrinkled to being smeoth when stretched.

An clastomeric sheet endowed with a wrinkled surface was bonded to a pneamatic
actuator base which was pressurized. The actuator base comprised a block of stiff rubber
with long cavity and the elastomeric sheet was bonded on top of this cavity. The cavity was
pressurized, causing the sheet to balloon outwards. The stretching of the sheet then
sthoothed out the wrinkles. With repeated pressurization and depressurization cycles, the
swrface transitioned continually between wrinkled and smooth textuwwes. The wrinkled

surface was itself generated using UV-ozone (UVO) treatment of polydimethylsiloxane
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{(PDMS, Sylgard-184, Dow Corning, Midland, M1} silicone rabber. This inflation was used
to drive a wrinkle-smooth transition at the surface. A pneumatic actuator base cast from
silicone RTV-4136M was constructed, and a S mm thick sheet of Svlgard 184 PDMS rubber
was bonded to it. The exposed surface of the Sylgard elastomer sheet was then subjected to
UVO treatment, which vitrified the surface into a ~100 nin thin laver of silica which 1s much
stiffer than the elastomer.

Polydimethylsiloxane (PDMS, Sylgard-184, Dow Coming, Midland, M1) was cast into

uniform § mm thick films using 10 % cross-linker, and cured at 100 wC for 48 hours before use.
The films were bonded to pre-cast silicone {Silastic M3, Dow Corning, Midland, M)
actuator bases. To generate surface wrinkles, a stiffness mismatch was created between the
thin stiffer top laver and softer bulk silicone. PDMS sorfaces were stiffened by exposure to
UV ozynolysis (UVO), which vitrified the surface into a ~ 100 nm thin layer of silica. The
advantage of the UVO treatment method was the ability to create very thin and well bonded
surface layers. To create uniform surface layers with minimal defects, the samples were
positioned 2 cm from a UV source in an oxygen enriched reaction chamber of a Novascan
PSD Pro 4 UVO cleaner (Novascan Technologies Inc., Ames, 1A}, and irradiated for 90
nunutes. Irradiation for shorter pertods of time created thinper silica layers, however,
significant surface inhomogeneities also appeared. Flat samples, in which wrinkling was not
desived, were rradiated under zero-strain conditions. To generate wrinkles with PDMS, the
surface underwent at least 30 % compressive strain. The silicone actuator support layer was
designed to allow for expansion of the PDMS surface upon pressurization. frradiation was
performed with the PDMS membrane stretched 30 % along the short axis. The silicalayer
formed under these conditions remained strain free in the pressunized bulk PDMS geometry.
‘When the actuator was de-pressurized, the silica layer was compressed and wrinkles were
generated. Given the anisotropic strain along the actagtor short axis, wrinkling occurred with
the wrinkle neutral divection along the actuator long axis. To minimize Y-tvpe defects in
wrinkle wavelength, the pressarized samples were slowly de-pressurized over 12 hours.
However, even under the most optimal conditions, Y-type defects were difficult to completely
avoid in PDMS samples. Samples were stored in air and at room temperature before use in
blood experiments. The above procedure generated unidirectional wrinkles with a uniform

wavelength of 50 gm.

The blood contact bioreactor was designed to minimize non-PDMS (non-test)

surface contact. This was accomplished by machining a polycarbonate chamber that was
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set onto the silicone/PDMS actuator surface and masked all but the thin rectangular part of
the surface which expanded under actuation. The volume of this chamber was 30 mi. Since
standard surface/blood testing requires mininuization of any blood/air surface area, a
second siliconePDMS actuator was placed on top of the polycarbonate chamber. The
three parts were placed under axial compression. Given the compressible nature of the
silicone, a good seal was obtained between the polvearbonate and actuators without the
need for any additional sealants that may compromise or leak into the reaction chamber.
Valves located at the ends of the polycarbonate chamber allowed easy filling of the reaction
chamber with hlooad and purging of all air. This design allowed testing of two surfaces
during each of the blood contact experiments. Once the chamber was filled with 30 ml of
ovine blood, the actuators were connected to the actuation circuit. The blood was drawn 15
minutes prior to the contact experiments and kept from coagalating by a small amoant of
citric acid solution. A peristaltic pump (9000G series, New Era Pump Systems, Inc,,
Farmingdale, NY) was connected in series to the two actuators. During each half-cycle,
the pump moved 4 mi of water from one actuator chamber to the other, pressurizing one
chamber and expanding the PDMS membrane while de-pressurizing the other and
contracting its PDMS membrane making the surface wrinkle. This counter-pulsation
allowed muimimization of any hydrostatic pressure build-up i the actual blood chamber,
The blood was not placed into the actual flow circuit, since it was separated from the water

based circuit by the PDMS test membranes. The actuation frequency was 0.4 Hz/cycle.

The entire bio-reactor was placed into a tissue culture incubator at 37 °C and actuation
was carried out for 90 minates or 2100 cyeles.

Whole fresh ovine bloed was collected by jugular ventpunciure and anticoagulated
with sodium citrate selution (10 mM/mL). NIH goidehines for the care and use of laboratory
animals were observed, and all animal procedures were approved by the Institutional
Antmal Care and Use Committee (JACUC) at the Umiversity of Pittsburgh.

For the static PDMS test samples, the surface thromobotic deposition was assessed
by a stmple rocking test after being cot and placed a test tube (BD Vacatainer, with no

additives). The test tube was filled with S mL of ovine blood and gently rocked for 90
minutes at 379 C on a hematology mixer (Fisher Scientific, Pittsburgh, PA).
At the completion of actuation or incubation for the static samples, the blood was

carefolly removed and the sorfaces washed 10 times with normal saline, The PDMS
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surfaces were then cut nto 1 em samples. For the actuation experiments, samples were
taken at least I cm away from the short-axis boundaries where substantial bi-axial strain
exists. Samples then underwent standard post-processing for LDH and SEM
characterization. In detail, the blood contacted PDMS surfaces were rinsed with DPBS (10

times) to remove any non-adherent blood contents. Samples were then immersed 1na 2.5%

glutaraldehyde solotion of DPBS for 2 hat 4 C to fix the surface adherent platelets and
then serially dehydrated with solutions of increasing ethanol content. Each sample surface
was observed by scanning electron microscopy (SEM: JISM-6330F JEOL USA luc,
Peabody, MA) after sputter coating with gold/palladium. Deposited platelets on each
surface were also quantified by a lactate dehydrogenase (LDH) assay with an LDH
Cytotoxicity Detection Kit (Clontech Laboratories, Inc. Mountain View, CA) after the
blood contact.

The results of this experiment are as follows. The PDMS surface that had been
UV O-treated without prestretehing (and hence remained smooth), exhibited significant
thrombus formation after exposure to blood uader static conditions with a typical platelet
deposition density of roughly 7000 platelets/cm®. The PDMS surface that had been UVO-
treated with prestretching (and hence wrinkled), demonstrated even greater thrombus
formation when exposed to blood under static conditions, with a platelet deposition
density of aver 10,000 plateletsicm®. When exposed to blood under continnal actuation,
both smooth and wrinkled surfaces showed dramatically lower platelet deposition: roughly
1100 platelets/cm” in the case of smooth surface actuation and roughly 250 plateletsiom®.
The more precise quantification is as follows: the smooth actuated surface showed 84%
lower platelet deposition than the smooth static surface; the wrinkled actuated surface
showed 97% lower platelet deposition than the wrinkled static surface, and the wrinkled
actuated surface showed 73% lower platelet deposition than the smooth actvated swface.
The wrinkled actuated surface was nearly completely devoid of deposited platelets.
Scanning electron microscopy images of these findings are shown in Figare 1. These
findings indicate that repeated stretching - by itself ~ reduces platelet deposition of
interface surfaces. The continually actuating surface topography further reduces platelet

deposition by several fold.
This purely mechanical strategy demonstrated the ability to prevent uwnwanted fouling

for surfaces i contact with highly complex fluids, sach as, blood. It is believed that this
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decrease in adhesion results from a competition between surface thermodynamic forces,
such as, adhesion and surface elasticity. Adhered platelet patches actuated on dynamically
wrinkled surfaces de-adhered because energetically the cost of elastic energy from
surface-induced bending was too high. Other mechanisms such as effect of the dynamic

wrinkles on fluid mechanics near the surface may also play a critical role.

Example 2

Example 1 showed that a surface that continually transitions between a smooth and
wrinkled state has anti~fouling activity against a foulant. If cvlindrical tubes can be
endowed with such actuating topography on their inner surface, they may be usetul for
various conduit applications such as vascular grafts. The actuation of such cyhnders can be
conducted by pulsing the internal pressure of the tubes using any suitable power source. For
medical apphcations, the pressure pulsations of the cardiovascalar system may themselves
be used for this pulsation. Specifically, blood pressure pulsations may be harnessed to drive
small amplitude stretching and relaxation of the synthetic grafts, which can then induce
continual changes between smooth to wrinkled states at the luminal swriace. The concept 1s
illustrated as follows. A cylindrical tube in its unpressurized state s wrinkled on its inper
surface. Pressurizing it is expected to smooth out the wrinkles, analogous to smoothening of
an accordion when stretched.

Cylindrical tubes (called “grafis™) were fabricated and tested for fouling under blood
exposure under contimsal pulsation. The effect of wavelength on the antithrombotic activity
was also examined.

The fabrication method for constructing the grafis was as follows. A several-micron
thick film of the stiff silicone RTV-4136M was spread onto a flat surface and cured. A
thick layer of a much softer silicone {GI-245) was then spread on this first layer and
allowed to cure to form a bilayer. Upon releasing from the flat surface, this bilayer was
siress-free and therefore, vemained flat and had a smooth surface. To create surface
wrinkles, this bilayer was bonded to a second laver of GI-245 (which had been cast
separately) that was held prestretched 30-40%. Upon releasing the prestretch, the stiff
surface film of RTV-4136M developed strong wrinkles whose wavelength could be tuned
by varying the film thickness. The layered sheet was then rolled into a cylinder 10 cm in
length and 6 mm 1 diameter (wrinkle-side inside), and the edges of the cylinder were
sutiwed together. The suture hine was sealed externally with a thin coat of GI-245 silicone 1o

provide a water tight suture line. A laver of a different silicone, GI-380, was used to make
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the pressure needed for expansion/contraction comparable to physiological pressures. The
selection of geometric parameters {e.g. thicknesses of the various lavers, the degree of
prestretch, etc.) was guided by FEM simulations incorporating the properties of the
materials used to manufacture the graft. Finite element simulations were performed using
the comunercial software package Abaqus v6.14 (Simulia, Dassault-Systemes, Providence,
RI}.

The grafts were designed so that the two pressures would be close to typical
diastolic and systolic pressures. The compressive strain that induced wrinkling came from
both the prestretch, as well as the strain associated with bending a flat sheet into a cylinder
shape. Upon completion of fabrication, but before conducting blood flow experiments, the
pressure at which wrinkles appear and disappear was determined. Since the resulting tubes
were opague, this validation could not be done by simple visualization or microscopy. To
perform this validation, Optical Coherence Tomography (OCT) using a specialized catheter
was employed. OCT worked by collecting images along circumferential cross-sections at
high frequencies, and had been used to examine the luminal and mural structure of arteries in
vivae. With current OCT techuology, the lateral spatial resolution was approximately 50-100
wm. For the validation, the silicone graft was sealed at one end, and the other end was
connected to a svringe pump. The graft was inflated and deflated at 0.03-0.1 Hz with water
using a while measuring pressure. Simultaneously, an OCT catheter was swept through the
graft to umage the lumen. It was visually observed that the tumen became much less wrinkled
as the pressure was raised from 50 mm Hy to 200 mm Hg. wlich are in the range of diastohic
and systolic pressures i humans, These pressures bracketed the pressure range for the blood
fouling experiments.

After calibration of each grafi, blood tests were conducted using fresh whole
blood from a healthy human donor. Static titanivm (i.e. unactuated) control samples were
tested i a rocking configuration, such that the blood was constantly shaken gently. The
actuated samples were tested as follows, Multiple cylinders with three different wavelengths
(1000 pm, 250um, and 80 pm) were tested. A vascudar access catheter was sutured at one
end of the graft, whereas the other end was sutured closed. The catheter access line was split
to allow a syringe pump and blood pressure analyzer to be connected simultaneously. The
entire system was incubated at 37°C and actuated for 90 minutes. The actuation volume was
set so that the desived high and low pressures, wentified from the OCT calibration
experiments, were reached. At the end of the blood exposure, the eylinders were cut open

and an analyzed with an LDH assay.
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The results compared the cross-sections under fullv-deflated conditions of the
four grafis used m blood tests: one grafl with a smooth lumen, and three with wrinkles of
various wavelengths. An additional eylindrical graft which was smooth on its inner surface
was also tested under static conditions as a control sample. The control smooth silicone graft
was thrombetic under static conditions. For the grafts undergoing continual actuation
between expanded (smooth) and contracted (wrinkled) states, the sample with a 1000 micron
wavelength showed 70% lower platelet adhesion than the contrel sample which was held
static. The grafis with smaller wavelengths showed an even sharper decrease in platelet
adhesion, with the smallest wavelength exhibiting 88% lower platelet deposition than the
static control.

In actuality, the difference between the samples was larger than cited above
because of the significant platelet adhesion evident along the satere hine. In fact, it 15 well
known that suture lines are a strong nidus for platelet activation/adhesion and thrombus
formation. Therefore, the data for the sutured samples was reanalyzed exanining only the
suture~less hemicvlinder. Excluding the effect of sutures, the actuated graft with the smallest
wavelengih had 50-fold lower forling than the static control, and 5-fold lower fouling than
the actuated graft with the largest wavelength.

Similar experiments were also conducted using grafts with a completely smooth
humen, and these results were similar to the 1000 micron fumen. This suggested that the 1000
micron wavelengths was, from a blood biofouling perspective, equivalent to a flat surface.
In sununary, these results confirmed that surface actuation between wrinkled and flat
surfaces reduced platelet adhesion and fouling, and demonstrated that smaller wayelengths
were more effective. The surface chemistry of the cvlindrical constructs (bare silicone) was
different from the flat sheets used previously (silica-like surface bonded to silicone). This
suggested that the anti-thrombotic effect demonstrated was due to topographic actuation and

not specific to the surface chemistry.

Example 3

In Example 2, the cylindrical tubes were fabricated by making a flat bilayer with
a wrinkled surface, and then rofling it into a cylinder with the wrinkled surface inside. This
left a seam along the side of the tube, which in Example 2 was sutured. Example 3 included a
process to create seamless tubes with wrinkles on the inner surface which became smooth as

the tube was expanded.
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The fabrication procedure was as follows. A rad of desired diameter was given a
thin coating of silicone rubber, RTV-4136M. The typical coating thickness was about 50
microns although this may be varied. The RTV-4136M was allowed to cure.

Separately, a smaller diameter rod was coated with a softer silicone, G1-245, to a

thickness of about 1-1.5 mm although this may be varied. Upon full curing, this coating was

removed from the rod to obtain a tube of silicone of inner diameter equal to that of the small

rod.

The above larger diameter rod coated with RTV-4136M was then inserted into
the GI-24S tabe (stretching the tube due to the musmateh i diameter). A suitable adhesive
agent was used to ensure a good bond between the RTV-4136M and the GI-245. The
resulting bilaver tube was then removed from the larger diameter rod. Upon removal, the
diameter of the tubing was reduced (i.¢., the tubing of G1-24S nearly recovered its original
diameter), This induced the desired internal wrinkles along the length of the wbe.

Analogous to Example 2, OCT tmaging was used to verify that internally-
pressurizing these tubes caused an increase in diameter and a smoothening of the internal
wrinkles. A further external coating of a different silicone may be provided by dip-coating to
reduce the inflation.

These tobes were then exposed to platelet-rich plasma (expired, donated from the
Pittsburgh Blood Bank) using a blood flow circuit as follows. A Harvard Apparatus Pulsatile
Blood Pump for Rabbits was used to drive pulsatile flow. This pump is a positive
displacement piston pump which can deliver pulsatile flow. The pump was connected to the
seamiess bilaver tubes with mternal wrinkles. The pump delivered fluid into the seamless
tubes, and then back into a collection chamber to be recirculated back into the pump. A valve
downstream of the bilayver tubes {i.e., before the fluid was deposited into the collection
chamber) allowed regulation of the maximuem pressure experienced within the seamless tube,
and hence the expansion of the seamless tube.

Two such experiments were conducted, both using secamless bilayer tubes. The
first used bilayer tubes that expanded and contracted several percent during the pulsatile flow
{and OCT imaging confirmed the corresponding smoothening of wrinkles on the inner
surface of the tubes). The second used bilayer tubes whose expansion was restricted by dip-~
coating the outer surface with a thick sheath layer of very stiff silicone (GI-380, Silicones
fnc). After 1.5 hours of circulating the platelet-rich plasma solation under pudsatile
conditions, the sample and the control were both sliced open, washed gently, and fixed with

formalin. They were then stained with a Wright-Giemsa stain to enable easy identification of
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the deposited platelets. The inner surface showed heavy platelet adhesion on the contral
sample whose expansion/contraction was restricted and hence had a static luminal
topography. In contrast, the platelet deposition on the sample that was allowed to expand and
contract (and therefore continually transition from a smooth to a wrinkled tumen) showed
much lower platelet deposition.

A potential mechanism to explain the foregomg results may be based on a
competition between elastic energy and adhesion energy.

it is contemplated that for a solid-like foulant to adhere onto a curved surface, it
must either deform or have a reduced contact with the swrface. This either poses an clastic
energy penalty {if the foulant deforms along with the surface) or reduced adhesion strength
(if the foulant does not deform), erther of which may reduce fouling. However, the
expertments found that fouling reduces considerably even at wrinkle wavelengths that are at
least an order of magnitude larger than the foulant size (platelets in the present case). Thus,
such an adhesion-strength-based explanation cannot operate on the level of single platelets. it
could nevertheless apply to a collection of platelets, e.g. a thrombus, which can be several
tens of microns in size. This adhesion-based mechamsm (“the proposed mechanism™) can
then be summarized as follows. A pateh of foulant is large enough to “feel” the changes in
topography of the substrate. As the surface wrinkles, the patch seeks to deform conformally,
but the change in curvature imposes an elastic energy penalty. Beyond a certain curvature,
the increase in elastic energy forces delamination. A well-known mode of delamination
initiates at the edge of a thin film adhering 1o a substrate that is stretched or compressed.
Unlike the proposed mechanisin, in that case, there is an increase in elastic energy of both
the substrate and the film, which drives a sliding mode ("Mode 117} fracture at the interface.
Another well-known delamination mede is of buckle delamination: a thin film attached to a
substrate, upon being compressed, starts buckling at some defect focation when a critical
stress is reached. Once buckle delamination initiates, it can propagate into a wider buckle by
peeling off the substrate. In that case, prior to buckhing, the film is trying to conform to the
smaller length/area of the substrate. In contrast, the proposed mechanssm, to a first
approximation, the contour length/surface area of the substrate remains constant; instead film
1s trying to conform to the bending, and hence curvature changes, of the substrate. Finally, a
stiff film bonded to a soft substrate may first wrinkle under compression, and then
defaminate. That situation is alse different from the proposed mechanism; m the proposed

mechanism, the delamination layer is presumed to be significantly softer than the substrate.
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A second potential explanation is based on the kinetics of platelet attachment.
All samples, even the static ones exposed to rocking contact with blood, experienced some
blood flow. It is well-known that platelets spread upon attaching to a surface over a timescale

of several seconds or minutes. Since the surface is constantly evolving over a timescale

5 faster than the spreading kinetics, it 13 speculated that the gentle flow is adequate to
constantly remove the platelets before they can attach fixmly. In a more phenomenological
sense, clinicians generally identify stasis (i.e. tack of blood flow) at the prime cause of
thrombosis, and by increasing flow near the surface, the platelet deposition may be reduced.

10 Example 4

The possible mechanism of competition between elastic energy and adhesion
energy was tested expertmentally.
Silicone rubber surfaces were constructed that were smooth when stretched and
wrinkled when retracted. They were fabricated as follows. A thin film of silicone of
15 thickness of several ter nuierons of silicone rubber RTV-4136M was cast onto an acrylic
sheet. A Jayer of much softer silicone rabber {G1-243, Silicones Inc) was cast on top of this
sheet. Upon curing, this yiekled a stress-free bilayer. A second layer of RTV-4136M of
about 2 mm thickness was cast separately. Upon curing, this latter layer was cut into a sirip,
about 1 inch wide and several inches long. A custom built stretching jig was used to clamp
20 the ends of these strips and then to hold them stretched at a strain of 40%. The bilayer was
then bonded onto the top surface of this prestretched sheet using additional uncured Gi-245
sthicone as a bonding material. Upon full curing, the result was a tri-layer sheet {thick RTV-
4136M at the bottom, GI245 in the middle, and the thick film of RTV-4136M at the top).
Upon releasing the prestretch, the top surface showed strong wrinkles of wavelength 1.7 mm.
25 This tri-laver sheet was then clamped into a motorized stretching jig which altowed
stretching and unstretching the sheet at carefully controlled rates. The tri-layer was stretched
to over 40% to ensure that the wrinkles completely smoothed out.
Separately, silicone sheets of GI245 were cast in the range of thickness of 250 -
2750 gm 1n thickness. These sheets will be called the “adlayer™ in this section. These were
30 cut into strips that were roughly 1 cm x 3 cm. These strips were then placed gently onto the
top of the stretched and smooth tni-laver taking care to ensure full adhesion without any
blisters. The prestretch was then gradually removed at a velocity of (.05 nun/s to allow the
tri-layer to retract while the entire process was video-recorded. Strain was measured by

tracking the distance between markers placed every 0.5 mm in the flat/stretched
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configuration The retraction induced wrinkles to form, and the adlayer was observed 1o bend
so as to follow the wrinkles. Upon further retraction however, the wrinkle amplitude
increased, and the adlayer was found to debond from the wrinkles in complete accordance
with the phvsical picture of a competition between elastic energy and adhesion energy.

Experiments included both the “thick-patch™ situation {patch thickness exceaded
wrmkle wavelength) or “thin-patch” situation {patch thickness was smaller than wrinkle
wavelength). It was found that the strain was nearly independent of patch thickness m the
thick-patch situation, whereas it increased with decreasing patch thickness in the thin-patch
situation. This is i accord with the simulation results above.

With respect 1o technological implications of the results, first, it is found that
continual topographic transition of a surface between highly wrinkled and less wrinkled
states had an anti-thrombotic effect. Second is the method of driving the topographic
transition. A dynamic surface must have some driving foree to actuate the surface. This may
be pH for materials based on hydrogels, temperature for shape-memory metals or shape-
memory polyvimers, mechanical pressure for pneumatic actuation, or light for Hquid crystal
elastomers. In the cardiovascular system, the natural cardiac cycle and pulse pressore can
drive topographic changes in vascular grafts. This has the potential to allow practical
implementation in grafls without external power. Third, the effects seem to be independent
of surface chennstry. Accordingly, these “mechanical” effects may be used synergistically
with anv chemical modification of the surface. Finally, the mechanism of anti-fouling action
inducted by topographic may be general and therefore, useful for other types of fouling, ez

&

bacterial biofouling or mineral deposition.
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We clamy

I A composite, comprising:

a first layer composed of a first material;

a second layer composed of a second material;

a ratio of modulus of the first layer to the second layer from about 3:1
to about 10,000,600 1

an mitial base topography exhibited by the first laver; and

a subsequent different topography exhibited by the first layer,

wherein the first layer transitions from the initial base topography to the

subsequent different topography as a result of strain applied to the composite.

2. The compostte of claim 1, wherein the first material 15 selected from the
group consisting of metal, ceramie, plastic, elastomer, crosslinked polymer, and mixtures and
blends thereof.

3. The composite of claim 2, wherem the first material is selected from the
group consisting of polyester, polvolefin, polvethvlene, polypropylene,
polyvtetrafluorcethylene, polyethylene terephthatate, polydimethylsiloxane, epoxy,

crosslinked polyester, cyvanoacrylate, and mixtures and blends thereof.

4. The composite of claim 1, wherein the second material is selected from the
group consisting of natural rubber, synthetic rubber, fluoroelastomer, silicone rubber,
sihicone gel, thermoplastic polyurethane elastomer, thermoplastic polyolefin elastomer,

thermoplastic vulcanisate, acrylic elastomer, and mixtures and blends thereof.

s The composite of claim 1, wherein the different topography is selected from
the group consisting of wrinkles, folds, dumples, protuberances, and combinations thereof.

6. The composite of claim 1, wherein said composite has a configuration
selected from the group consisting of a monolayer, bilayer and multilayer.

7 The composite of claim 6, wherein one or more fayers of the configuration

is/are not continpous.
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& The composite of claim 1, wherein the composite 1s in tubular or shell forms.
g, A method of actuating a surface {o transition between a base topography and a

different topography, comprising:

o

{a)  forming a composite, comprising:
obtaming a matenial;
modifying all or a portion of the material, such that a
ratio of modulus of a modified portion o an unmodified portion is fron about 3:1 to about
10,000,000:1, or a ratio of modulus of an unmodified portion to a modified portion is from

10 about 3:1 to aboat 10,000,000 1;

(b}  forming a composite, comprising:
selecting a first layer composed of a first material;
selecting a second layer composed of a second
15 material,
wherein a ratio of modulus of the first layer to the second layer
15 from about 3:1 to about 10,000.000: 1, and

connecting the second layer to the first layer;

20 applying a strain to the composite; and
transitioning a modified or an unmadified material in (a) or the first

layer 1 (b} from the base topography to the different topography.

10, The method of claim 9, wherein the transitioning 1s effective for anti-fouhing.
25
11, The method of claim 9, wherein the transitioning is effective for controlling
adhesion.
12, The method of claim 9, wherein the transitioning comprises activating the

30 topography, producing instability of the topography, controlling wavelength of the

topography, and reverting to base surface or deforming to another different topography.
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13, The method of claim 9, wherein the strain is determined by equation (1)

H o £ - .
e =HPELLL;...) (1
S wherein, " is strain, £19 pressure, £ 18 modulus, Ly, Lo are the relevant

geometric parameters of the system.

14, The method of claim 9, wherem optimizing the transitioning from the base
topography to the different topography is according 1o equation {2):
10

g(®) = 1 - fx) = 1-k/A K ~ 1-(Lec dK) @
wherein, K is the curvature, 4 K is the change in curvature, is K¢ the critical

curvature, and g( I<,) is the degree of surface renewal.
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