
Abstract—Hemocompatible surfaces are crucial to the
performance of many biomedical devices. One of the
requirements for such surfaces is the ability to resist the
build-up of proteins from blood.  We have been investigating
the use of surface topography to minimize fluid-surface
interaction with the goal that this phenomenon can then be
exploited to decrease protein deposition on biomedical
surfaces.  This paper presents theoretical backing for the
effect of surface structure on fluid wetting.  We demonstrate
the ability to control fluid-surface interaction by modifying
surface structure.  In one experiment, the apparent contact
angle of a surface has been changed from 100˚ (flat surface)
to 160˚ (structured surface).  We present several alternative
methods of creating micro-structure over a large area. We
also show progress towards a method to manufacture nano-
scale surface strutures over a large area.

I. INTRODUCTION

Hemocompatibility is a major issue in biomedical sys-
tems design.  Materials used for these devices must not in-
teract unfavorably with blood.  One major aspect of hemo-
compatibility is the ability of a surface to resist the deposi-
tion of proteins from the blood onto the surface.  Protein
deposition triggers clotting and can cause the device to
function improperly or fail outright.  This is unacceptable
in biomedical applications where device robustness is
paramount.  Current biomedical surfaces use chemical and
biological means such as specially designed coatings to re-
sist protein deposition.  Despite extensive effort, hemo-
compatibility remains an issue in biomedical systems.

We propose to improve hemocompatibility by modify-
ing surface structure at the nano-scale to reduce blood clot-
ting on artificial surfaces.  This nanostructure will mini-
mize the actual contact area between the blood and the sur-
face and therefore slow the rate at which blood proteins co-
agulate on the surface.  This approach can be used in con-
junction with current hemocompatible materials to extend
the life of biomedical implants, to decrease the cleaning
required for external blood-handling equipment, and to in-
crease the accuracy of blood testing devices.

The ultimate objective of this research is a commercially
feasible method to manufacture nano-structured biocom-
patible surfaces. These surfaces will be applied to biomedi-
cal devices to reduce protein coagulation.

So far, our research has focused primarily on the devel-
opment of feasible techniques to manufacture nano-
structured surfaces rather than hemocompatible surfaces spe-
cifically.  We are in the process of developing the appropri-
ate testing methods and securing university approval to run
experiments with biological materials.  Consequently, this
paper will focus only on fluid behavior and surface manu-
facturing with the goal of extending the investigation to
bio-chemical behavior in the near future.

II. BACKGROUND

Fluid wetting of a surface is generally described by
Young’s equation:

€ 

cos(θ) =
γ SV − γ SL
γLV

, (1)

where γSV, γ SL, and γ LV are surface energies (solid/vapor,
solid/liquid, and liquid/vapor, respectively) and θ  is the
contact angle between the liquid and the solid surface.  Low
contact angles (below 90˚) indicate wetting of the solid by
the fluid, with a contact angle of zero being complete wet-
ting.  High contact angles (above 90˚) indicate non-wetting
behavior, with a contact angle of 180˚ being complete non-
wetting.  Young’s equation suggests that the contact angle
can only be modified by controlling surface chemistry (i.e.,
changing the surface energies of the materials involved).
Young’s equation, however, is only valid macroscopically
for flat and homogenous surfaces.  Consequently, if we are
only interested in macroscopic or apparent contact angles,
then we have another method with which to control contact
angles: surface structure.

Not unexpectedly, nature has already developed this so-
lution.  In 1990 Wilhelm Barthlott [1,2] discovered that the
lotus plant (Nelumbo nucifera) used small bumps on the
leaf surface to provide its famed resistance to fouling.  Any
debris that found its way onto the leaf could only contact
the surface at the peaks of the bumps.  Similarly, a water
droplet rolling down the leaf would also only touch the
tops of the bumps.  When the droplet rolls over the debris,
there is a much larger contact area between the debris and
the water than between the debris and the leaf.  Hence, there
is a larger energy penalty for the debris particle to separate
from the droplet than to separate from the surface peaks.
Consequently, the debris sticks to the droplet as it rolls off
the leaf.  Barthlott dubbed this behavior “The Lotus Ef-
fect.”  Since his discovery, “The Lotus-Effect” has been ex-
tended to several commercial applications including self-
cleaning automotive paint [3], waterproofing sprays, and
others.

Even before Barthott’s discovery, structured surfaces
were used to modify solid-solid surface.  In the 1980s low-
friction surfaces [4], low-wear surfaces [4], and improved
electrical connectors [5,6] were created using undulating
surfaces.

III. THEORY

Despite the recent euphoria of the “Lotus-Effect,” interest
in surface non-wetting by surface structuring is not a new
idea.  In the 1930s and 1940s the textile industry studied
the phenomenon with the intent to design waterproof fab-
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rics.  From that research emerged two main theories relating
surface structure to apparent contact angle.  The first theory
was proposed by Wenzel [7,8] and assumes that the fluid
completely wets the solid structure (Fig. 1a).  The second
theory, presented by Cassie and Baxter [9], assumes that
the fluid does not wet the valleys of the structure, but in-
stead sits atop the peaks only (Fig. 1b).  In both cases, the
surface is assumed to be homogenous and the feature size is
assumed to be much smaller than the apparent contact area.

Under Wenzel’s assumption, the actual solid-liquid con-
tact area is greater than the apparent (flat, smooth surface)
contact area. Wenzel defines a roughness factor, r , as the
ratio of the true contact area to the apparent contact area.
The free energy of the liquid-solid interface on a rough sur-
face is then r times greater than the free energy of a per-
fectly smooth surface with the same apparent contact area.
Young’s Equation, therefore, becomes

€ 

cosθ* =
r(γ SV − γ SL )

γLV
= rcosθ , (2)

where θ* is the apparent contact angle. We can see that an
increase in roughness will increase θ* for θ > 90˚ and will
decrease θ* for θ < 90˚.  It is impossible for the apparent
contact angle to be greater than 180˚ (cos θ* = -1) or less
than 0˚ (cos θ* = 1), which can occur according to this
equation if r becomes sufficiently large.  Wenzel does not
address this scenario.  It is clear, however, that as the ap-
parent contact angle approaches 180˚ the contact area be-
tween the fluid and the solid becomes small; this eventu-
ally violates one of the assumptions of Wenzel’s theory,
that the contact area is large compared with the surface fea-
tures.  Consequently, cos θ* most likely approaches ±1 as-
ymptotically, though this case has not been investigated.

Under the Cassie-Baxter assumption, the fluid forms a
composite surface with the solid, alternating between a
fluid-solid interface and a fluid-vapor interface.  If we define
φS to be the area fraction of fluid-solid interfaces compared
to the total apparent contact area, then the surface free en-
ergy created by a unit increase in the apparent contact area
is:

€ 

φS (γ SV − γ SL ) − (1−φS )γLV . (3)
If we substitute this expression into Young’s equation in

place of its equivalent for a homogenous surface,

€ 

(γ SV − γ SL ) , then the equation for the apparent contact an-
gle becomes:

€ 

cosθ* =
φS (γ SV − γ SL )

γLV
− (1−φS ). (4)

Substituting Young’s equation back into this expression

gives the Cassie-Baxter equation for the apparent contact
angle of a structured surface:

€ 

cosθ* = φS (cosθ +1) −1. (5)
For materials with θ > 90˚ a decrease in φS will increase

the apparent contact angle.  For surfaces with θ < 90˚, how-
ever, the composite wetting assumption on which the the-
ory is based, cannot hold because the capillary forces tend
to drive the fluid into the valleys.

Both theories appear to be valid, and both are supported
by independent investigations [10-14].  The wetting condi-
tion (composite or complete) is the determining factor for
which theory applies to a specific case.  To determine the
particular wetting condition, we decided to investigate a
simplified two-dimensional system (Fig. 2).  Assuming
that the fluid approaches the solid from above the surface
structure (as opposed to being injected from the bottom),
then the first condition that is physically reached in the
composite wetting condition.  If the fluid can be supported
in this condition, then the Cassie-Baxter Theory applies, if
not, the Wenzel Theory applies.

In order to determine the conditions under which the
fluid will stay atop the features, we developed simple
model.  We assume vertical features as shown in Fig. 2,
neglect gravity, and apply Laplace’s equation for surface
curvature,

€ 

ΔP = γLV 1
R1

+ 1
R2

 
 
  

 
 , (6)

where R1 and R2 are the principal radii of curvature and ΔP
is the pressure difference across the surface.  If we assume
one-dimensional (1-D) curvature (R2=∞), a given fluid pres-
sure (ΔP) we can find the radius of the fluid surface curva-
ture (R1).  From geometry we see that a given surface curva-
ture and feature spacing will uniquely determine a contact
angle (θ) between the liquid and the vertical wall of the fea-
ture.  If this angle is less than the contact angle of the fluid
with a flat surface of the same material, then the fluid will
not descend into the grooves.  Therefore, it is possible to
define a critical feature spacing that will support a given
fluid pressure without wetting the grooves.

Figure 1: (a) Complete Wetting, (b) Composite Wet-
ting. Figure 2: Simplified wetting model.



This analysis can be extended to the 2-D curvature case
with more complicated geometry; the key result—that de-
creasing feature spacing increases the total pressure that the
structure can support—will, however, remain the same.

IV. AXIOMATIC DESIGN OF A NON-WETTING
SURFACE

In order to develop appropriate surface structures we ap-
ply the Axiomatic Design theory [15].  The top-level func-
tional requirement (FR1) is to increase the apparent contact
angle between the fluid and the surface.  This requirement
is satisfied by an appropriately chosen surface structure,
which is the top-level design parameter (DP1).  FR1 decom-
poses to FR11: Reduce Wetting, and FR12: Support a speci-
fied minimum fluid pressure (ΔP).  These FRs are satisfied
by DP11: Surface structure with low area fraction (φS) and
DP12: Sufficiently small feature spacing. We know from the
Cassie-Baxter theory that φS (DP11) corresponds directly to
a reduction in wetting (FR11).  Our wetting model shows
that the correct feature spacing (DP12) will specify the pres-
sure that a structure can support (FR12).  This results in an
uncoupled design as shown in the design equation:

€ 

FR11
FR12

 
 
 

 
 
 

=
X 0
0 X
 

 
 

 

 
 
DP11
DP12

 
 
 

 
 
 

. (7)

In addition to the FRs we have several constraints (Cs)
on the design that must be satisfied.  The first constraint
(C1) is that the surface material must start with a flat-surface
contact angle greater than 90˚.  Both the Cassie-Baxter and
Wenzel theories indicate that contact angle can only be
pushed away from 90˚ by the introduction of surface struc-
ture, so if we want to increase the contact angle, then the
material must be at least slightly hydrophobic.  Addition-
ally, the fluid must not be able to wet the valleys of the
structure.  This means that when the fluid sits atop the
post, the meniscus between the features must not touch the
bottom of the valleys.  This leads to a second constraint
(C2) that the aspect ratio (h/w) of the valleys must be much
greater than a specific value that is dependent on the mate-
rial’s flat-surface contact angle.  Assuming that the fluid
forms a semi-cylindrical meniscus (Fig. 2), the minimum
aspect ratio (ARmin) is:

€ 

ARmin =
1− sinθ
−2cosθ

. (8)

This constraint provides an acceptable range for the final
free surface structure parameter, feature height.  Addition-
ally, we want this surface to be applicable on an ‘engineer-
ing scale’ so a third constraint (C3) is that the structured
surface must have an area much greater than, say, 10cm2.

V. MATERIALS AND METHODS

For the purposes of investigating the fluid behavior on a
surface we used deionized water exclusively.   We did some
blood tests to ensure that blood, as a fluid, behaves simi-
larly to water.  It turns out that the contact angle of blood
on a surface was within a degree or two of the contact angle
for water on the same surface.  All contact angles were
measured using a horizontally mounted microscope viewing

a 5-µl sessile drop of water.  The apparent contact angle
was measured by hand using a protractor on the microscope
images.

VI. EXPERIMENTS AND RESULTS

Our first step in this investigation was to test biological
surfaces said to exhibit the “Lotus-Effect.”  One such ex-
ample is the leaf of a tulip.  The tulip leaf has a contact an-
gle of 130˚ as shown in Fig. 3.  The 5-µl drops do not roll
off the leaf when it is tilted, but slightly larger drops roll
extremely quickly without leaving a noticeable trail.  The
tulip leaf achieves its hydrophobic behavior with a tangled
array of micro-scale hairs on the leaf surface (Fig. 4).

With an understanding of how the biological surface be-
haved, we moved on to determining how to create an artifi-
cial surface with similar behavior.  The first step was to
determine an appropriate material.  Based on our first con-
straint, we needed a hydrophobic material.  We settled on
an elastomer, Poly(Dimethylsiloxane) (PDMS) (Sylgard
184, Dow-Corning, Midland, MI), that is popular for use
in microfluidics and bioMEMS.  It is both hydrophobic
(θC=107˚) and biocompatible.  Additionally, casting PDMS
does not require extreme temperatures or a long cure time.

The first surface we cast in the PDMS was a monofila-
ment nylon woven fabric.  The fibers have a diameter of
35µm and are woven such that the fabric has 35µm square
holes each separated by one 35µm diameter fiber.  The

Figure 3: 5-µl water droplet on a tulip leaf.

Figure 4: Environmental SEM image of a tulip leaf.



PDMS cast on the nylon cloth is shown in Fig. 5.  The
PDMS penetrated the pores in the fabric and spread out on
the backside.  When the PDMS was removed from the fab-
ric, some sections of cured PDMS from the backside of the
fabric came through the holes resulting in some of the posts
having “T” tops.  The end result is a surface structure with
an area ratio (φs) slightly larger than 0.25.  According to the
Cassie-Baxter Theory, φ s=0.25 should yield an apparent
contact angle of 145˚.  Our cast had an apparent contact an-
gle of 135˚ (Fig. 6), This difference is most likely caused
by the “T”-topped features and the fluid slightly descending
the features.  Both of these factors would increase φ s and
thus decrease the apparent contact angle.

In the interest of reducing the surface area fraction, we
tried a 1-D array of features similar to the nylon weave.  We
tightly wrapped a piece of nylon fishing line (300-µm di-
ameter) around a frame to form a 1-D array of semi-circles
onto which we cast PDMS.  The resulting surface (Fig. 7)
had 30µm wide peaks separated by 300-µm wide semi-
circular valleys.  This surface exhibited a maximum appar-
ent contact angle (looking parallel to the lines) of 150˚
(Fig. 8) but the apparent contact angle (looking parallel to
the lines) also varied greatly between 125˚ and 150˚.   It
was clear that when the water stayed on top of the features,
the contact angle was large and once the water descended
into the features, the contact angle dropped drastically. The
area ratio for this surface was excellent (φs=0.09), but the

feature spacing was too large to support a droplet of water.
In order to reduce the feature spacing while keeping the

low area ratio, we tried using thin copper wire (80-µm di-
ameter) instead of nylon fishing line.  The resulting surface
did have a similar area ratio to the nylon version, but it was
not as consistent.  There were areas where the several fea-
tures are joined together into one large feature.  Even so,
the surface has an apparent contact angle (looking parallel to
the lines) of 150˚ (Fig. 9) that was much more robust than
the large-scale surface with a similar area ratio.

It is important to note that neither the Wenzel theory or
the Cassie-Baxter theory apply directly to 1-D arrays of fea-
tures because the structure is large compared with the con-
tact area and is not homogenous; thus this case violates the
basic assumptions of both theories. It is clear, however,
that the idea of reducing area ratio or increasing roughness,
even in only one direction, to increase apparent contact an-
gle still holds.  Not surprisingly, the resulting sessile drop
in this case was not axisymmetric but rather elongated in
the direction of the lines.

The above experiments offered confidence in the theories
from which we are designing our features, but we needed to
have more controlled tests.  For this employed photolithog-
raphy.  We used masks patterned with 20µm square posts
with area ratios (φs) equal to 0.04, 0.08, 0.12, or 0.16.  The
patterns were transferred to 45µm thick SU-8 2100 photore-
sist (Microchem, Newton, MA) via photolithography (Fig.

Figure 5: PDMS cast on nylon mesh.

Figure 6: 5-µl water droplet on a PDMS cast of ny-
lon mesh.

Figure 7: PDMS cast on nylon fishing line.

Figure 8: 5-µl water droplet on a PDMS cast of ny-
lon fishing line.



10).  For our biological experiments, we will cast these sur-
faces twice in PDMS to get the positive image of the fea-
tures in PDMS [16].  In the interest of simplicity, we
coated the patterns i n  (Tridecafluoro-1,1,2,2-
tetrahydrooctyl)Tricholorosilane (Gelest Inc., Morrisville,
PA) to make them hydrophobic.  The contact angle of the
silane is 100˚ on a flat surface.  The apparent contact angles
for the structured surfaces were 160˚, 150˚, 145˚, and 130˚
for mask area ratio (φs) equal to 0.04, 0.08, 0.12, and 0.16
respectively.  The actual area ratios of the SU-8 structures
were slightly larger than the intended area ratios due to in-
accuracies in the pattern transfer.  Using the actual area ra-
tios of the surfaces, the predicted apparent contact angles for
the four surfaces (φs =0.04-0.16) were 162˚, 154˚, 149˚, and
142˚.  Fig. 11 shows a droplet on a flat surface next to a
droplet on the SU-8 pattern with (φs=0.04).

The SU-8 surfaces offer excellent geometry control, but
photolithography and similar techniques used for nanofabri-
cation are severely limited by their expense and their area of
effect.  Consequently, we are interested in methods that can
be applied to larger areas.  One option we came up with
was to use nano-porous aluminum oxide as a mold for
PDMS.  When aluminum is oxidized in certain electrolytes
(sulfuric, oxalic, and phosphoric acid) it self-assembles into
pores arranged in a honeycomb pattern [17-21].  The pore
structure is uniform enough so that aluminum oxide can be
used to make high-quality particulate filters.  Fig. 12

shows an SEM image of one of these filters with a 200nm
pore size.  The walls between pores are approximately
25nm thick.  According to the Cassie-Baxter theory, a cast
of this pattern will only yield a contact angle of 115˚.
Even so, the prospect of being able to structure any surface
that can be made out of aluminum makes it worthwhile to
investigate.

Unfortunately, casting PDMS off of the aluminum oxide
filters is extremely difficult. The uncured PDMS penetrates
the filter pores but it is exceedingly difficult to remove the
PDMS once it has been cured. The filters are extremely
brittle and tend to break when we attempt to separate the
PDMS from the aluminum oxide mold.  To eliminate the
problem of mold fracture, we anodized aluminum and left
the aluminum oxide layer on the base material.  Using sul-
furic acid as an electrolyte, we were able to create 25nm
pores in aluminum oxide (Fig. 13).  The PDMS separated
easily from the aluminum oxide left on the base aluminum,
but the features did not transfer to the PDMS.  Since the
features in the aluminum oxide are only 25nm we do not
need very tall features to satisfy the aspect ratio constraint.
Any extra height is only making it more difficult to remove
the PDMS and keep the features intact.  If we can reduce
the depth that the PDMS penetrates the aluminum oxide,
then we may be able to remove the PDMS more easily.
We are currently investigating ways to control the size and
spacing of the pores and ways to limit PDMS penetration.

Figure 9: 5-µl water droplet on a PDMS cast of cop-
per wire.

Figure 10: SEM image of SU-8 structure (φs=0.04)
viewed 30¢™ from normal.

Figure 11: 5-µl water droplets on a flat surface (left)
and on a SU-8 structured Surface with φs=0.04
(right).

Figure 12: SEM image of an aluminum oxide filter.



VII. CONCULSIONS

Surface topography is a powerful method for modifying
the wetting characteristics of a fluid-surface interface.  We
have demonstrated that even surface features on the micron
scale can dramatically change a surface’s apparent contact
angle.  Nano-scale features offer more robust control of wet-
ting behavior, but current nano-fabrication techniques are
not appropriate for structuring large area surfaces; the im-
provement in surface functionality they offer does not jus-
tify the cost and time required for current techniques.  Con-
sequently, we are working towards a method that will allow
us to apply a nano-structure over a very large area surface.

In addition to developing new surface manufacturing
techniques, we will be testing the ability of our structured
surfaces to reduce blood protein coagulation.  Presumably,
blood proteins will behave in a similar fashion to the debris
on a lotus leaf in that a reduction in the available contact
area will reduce the ability of the protein to stick to the sur-
face.  Nano-structuring may also offer additional functional-
ity over micro-structuring in this respect.  The cells and
molecules with which we are concerned have sizes on the
order of microns.  Thus, these cells would not be able to fit
into the surface features of a nano-structured surface.  This
may further improve the hemocompatibility of the struc-
tured surfaces.
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