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Abstract Developing a superhydrophobic oleophobic

material is achieved by two criteria: low surface energy and

properly designed surface morphology. The relationships

among surface tensions, contact angles, contact angle

hystereses, roll-off angles, and surface morphologies of

such materials are studied. Numerical formulae related to

the surface energy of liquids and solids are used to predict

the wetting behavior of superhydrophobic and oleophobic

materials. Using chemical and geometrical modifications, a

superhydrophobic oleophobic surface was prepared. Good

agreement between the predicted and measured contact

angles and roll-off angles were obtained. The effect of the

contact angle hysteresis on the roll-off angle is described to

understand the motion of a droplet when the droplet begins

to roll off.

Introduction

Wetting behavior of solid materials has recently gained a

great deal of interest from both academia and industry

[1–6]. This interest extends beyond the bio-inspired, lotus-

leaf property of superhydrophobicity to materials that

exhibit similar properties toward oils [7–10]. In this field, a

surface with an oil contact angle over 90� is called an

oleophobic surface, and a surface having a water contact

angle exceeding 90� is defined as a hydrophobic surface.

Although many researchers define a superhydrophobic

surface as a surface having a water contact angle of greater

than 150� and a roll-off angle of less than 5�, it should be

noted that roll-off angles are strongly influenced by the

mass of a water droplet [11, 12]. Therefore, we define a

superhydrophobic surface as a surface with a water contact

angle over 150�.

In this research, we study the relationships among surface

tensions, surface morphologies, contact angles, contact

angle hystereses, and roll-off angles on rough surfaces;

propose numerical formulae related to the surface tension of

liquids and solids to predict the wetting behavior of super-

hydrophobic and oleophobic materials; and create a nylon/

cotton blended woven fabric (NyCo) which is superhydro-

phobic and highly oleophobic using chemical and geomet-

rical modifications. We reduce the surface tension of the

fibers by grafting a low-surface-energy material (LSEM)

onto the fiber surface, by controlling the macro-scale

roughness of the NyCo via the choice of yarn and fabric, and

by employing micro- and nano-scale roughness on the fibers.

Micro- and nano-scale roughness is achieved by allowing

partial condensation of the LSEM before applying it to the

NyCo, thus resulting in deposition of LSEM particulate

condensates over the fiber surface. We also investigate the

motion of water and oil droplets on a prepared NyCo when

the surface was tilted and droplets began to roll off.

Design parameters for superhydrophobic oleophobic

surface

The design of superhydrophobic oleophobic surfaces is

predominantly informed by two rough wetting models:

the Wenzel model and the Cassie–Baxter (CB) model.

In the Wenzel model, a liquid fills the grooves of a rough

surface, whereas in the CB model the liquid sits on top of
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the surface. As presented in our previous studies, the surface

tension of a solid (cs) must be smaller than 6.35 dyne/cm to

create a CB surface with an oil such as dodecane, which has

a liquid surface tension (cL) of 24.5 dyne/cm [13]. How-

ever, since most solid surfaces possess cs [6.35 dyne/cm,

the metastable CB model substitutes for the CB model. On a

metastable CB surface, a liquid initially sits on top of the

surface and is drawn into contact with the rough surface

over time. An oleophobic surface can be produced by

designing a metastable CB surface. A contact angle at a

(metastable) CB rough surface can be described as

cos hCB
r ¼ f1 cos he � f2 ð1Þ

where hr
CB is an apparent contact angle on this surface, f1 is

the surface area of the liquid in contact with solid divided

by the projected area, f2 is the surface area of the liquid in

contact with air divided by the projected area, and he is the

Young contact angle on a smooth surface [14]. Simply, if

f2 = 0 in Eq. 1, the rough surface is completely wet and

f1 = r, which is the roughness in the Wenzel model as

cos hW
r ¼ r cos he ð2Þ

where hr
W is an apparent contact angle on a Wenzel surface,

and r is the ratio of the total wet area of a rough surface to

the apparent surface area in contact with the water droplet

[15]. According to Eq. 2, for a material with a smooth

surface having he = 120� for water, r must be greater than

1.79 to make the surface superhydrophobic, but the surface

cannot be oleophobic since this rough surface will be filled

by a liquid if he \90�; i.e., a surface having he \90� will

become immediately wet (the Wenzel model), or eventu-

ally wet (the metastable CB model).

Experimental

Materials

Nylon 6,6 film (Mn: 12 kDa) and NyCo (50:50 nylon 6,6/

cotton blended plain woven fabric) were used as smooth or

rough surfaces, respectively. Heptadecafluoro-1,1,2,2-tetra-

hydrodecyltrimethoxysilane (fluorosilane, C13H13F17O3Si,

Gelest, Morrisville, PA, USA), ammonium hydroxide (NH4

OH, Mallinckrodt Chemical, Raleigh, NC, USA), and iso-

propyl alcohol (C3H7OH, Fisher, Waltham, MA, USA) were

used without further purification. Distilled water and dode-

cane (C12H26, Aldrich, St. Louis, MO, USA) were used as

liquids to measure contact angles and roll-off angles.

Grafting of fluorosilane on nylon film and NyCo

In order to model a superhydrophobic oleophobic surface,

Young contact angles, he, of water and dodecane on a

smooth surface covered by fluorosilane are required. Hence,

fluorosilane was grafted to a nylon film. We added 1%

ammonium hydroxide to a 4% fluorosilane solution in iso-

propyl alcohol and allowed partial condensation of the

fluorosilane prior to treating the nylon film. A 0.5-g nylon

film (10 9 10 cm2) was immersed in the prepared solution,

padded to remove excess liquid, and cured in a microwave

oven (Panasonic NN-SD967S, Osaka, Japan) at 2.45 GHz/

1.25 kW for three 30 s intervals alternated with 30 s cool-

ing intervals. The fluorosilane-grafted nylon was rinsed in

isopropyl alcohol and water for 2 h and air dried.

In the same manner, we added 1% ammonium hydrox-

ide to 4% fluorosilane solution in isopropyl alcohol and

allowed partial condensation of the fluorosilane prior to

treating the NyCo. A 3.2-g NyCo fabric (10 9 10 cm2)

was immersed in the prepared solution, padded to remove

excess liquid, and cured in a microwave oven at 2.45 GHz/

1.25 kW for three 30 s intervals alternated with 30-s

cooling intervals. The fluorosilane-grafted NyCo was

rinsed in isopropyl alcohol and water for 2 h and air dried.

Scanning electron microscopy

The rough surface of NyCo fabric was examined with a

scanning electron microscope (SEM, JEOL, 6400F, Tokyo,

Japan) operated at 5 kV and magnifications from 9100 to

920,000. RevolutionTM (4pi Analysis, v1.60b24, Durham,

NC, USA) was used for image analysis of SEM images.

The fiber diameters and the distances between adjacent

fibers were measured using this program.

Contact angle measurements

The contact angles of water and dodecane on the prepared

surfaces were measured from sessile drops using a lab-

designed goniometer at 20 �C. The volumes of the

deposited droplets were 5 and 10 lL. The range of contact

angles was obtained from at least three individual mea-

surements each on a new spot. The image of liquid droplets

on the prepared surface has been obtained using a digital

camera (Canon, EOS EF-S-18-55IS, Lake Success, NY,

USA) having an optical microscopic focusing lenses (Meiji

Techno, EMZ-13TR, Saitama, Japan).

Roll-off angle measurements

The roll-off angles were measured by placing a specimen

on a level platform mounted on a rotation stage (Newport,

495, Irvine, CA, USA) and inclining the stage. Water and

dodecane droplets (50, 100, and 500 lL) were placed onto

the surface, and the angle of the stage was recorded when

the drops began to roll off. The image of liquid droplets

on the surface has been obtained using a digital camera
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(Canon, EOS EF-S-18-55IS), and measurements of

advancing contact angles, receding contact angles, and

contact angle hystereses were carried out.

Results and discussion

The wetting behavior of a solid surface is controlled by the

chemical composition and the geometrical structure of

the surface. We modified NyCo by grafting fluorosilane

condensates over the fiber surface to generate a low-

surface-tension surface. First, we verify that the chemical

procedure described in ‘‘Experimental’’ section results in a

low-surface-energy when the fluorosilane is grafted onto

the substrate.

Chemical modification

We chemically grafted fluorosilane onto a nylon film and

onto NyCo to reduce the surface tension and make the

surface hydrophobic and less oleophilic. First, the Young

contact angles, he, of water and dodecane on a fluorosilane-

grafted nylon film were measured since he (water) and he

(dodecane) are important parameters to design a superhy-

drophobic and oleophobic surface using the Wenzel and

the CB models. The water contact angles, he (water), on a

fluorosilane-grafted nylon film were 119�–124�, while he

(water) on an unmodified nylon surface were 70�–73�.

Grafting fluorosilane to a nylon film also increased dode-

cane contact angles. The dodecane contact angles, he

(dodecane), on a fluorosilane-grafted nylon film were 73�–

81�, while he (dodecane) on an unmodified nylon surface

was\5�. Fluorosilane grafted onto nylon film successfully

generated a surface having low surface tension as shown in

Fig. 1.

Geometrical modification

Again, to form a superhydrophobic oleophobic surface, two

rough wetting models, the Wenzel and the CB models in

Eqs. 1 and 2 are predominantly used. To obtain the real

surface area we use a flux integral. As shown in Fig. 2,

the distance from the center of a weft (or warp) yarn to the

center of an adjacent weft (or warp) yarn is 4R; and

the distance from the center of a weft (or warp) yarn to the

center of an adjacent warp (or weft) yarn is 2R. Hence,

according to Pythagorean theorem, the vector from the

center of one weft yarn to the center of an adjacent weft

yarn makes a 30� angle to the plane of the fabric.

Using the flux integral, the area of one yarn in the unit

fabric is calculated as

rðu; vÞ ¼ 2Rþ R cos vð Þ cos uiþ 2Rþ R cos vð Þ sin uj
þ R cos vk ð3Þ

ru � rv ¼Rð2Rþ R cos vÞ cos u cos vi

þ Rð2Rþ R cos vÞ sin u cos vj

þ Rð2Rþ R cos vÞ sin vk

ð4Þ

ru � rvjj ¼ R 2Rþ R cos vð Þ ð5Þ

Ayarn in unit area ¼
R 2p

0

R 2p
0

R 2Rþ R cos vð Þdudv

3
ð6Þ

Ayarn in unit area ¼
8p2R2

3
¼ Aweft yarn in unit area

¼ Awarp yarn in unit area ð7Þ

where R is the radius of yarn; A is the area; i, j, and k are

the vectors to x-, y-, and z-axis direction, respectively;

u and v are the notations for the variables of integration.

Then, we determine the true fabric surface area as follows:

Areal
fabric ¼ Aweft yarn in unit area þ Awarp yarn in unit area ¼ 52:64R2

ð8Þ

where Afabric
real is the intrinsic area of the unit fabric

determined by the area of yarn surfaces. The apparent

surface area is just equal to the area of a plane tangent to

the top surface.

Aapparent
fabric ¼ 2

ffiffiffi
3
p

R� 2
ffiffiffi
3
p

R ¼ 12R2 ð9Þ

where Afabric
apparent is the apparent area of the unit fabric shown

in Fig. 2. Finally, the roughness, r, is just the ratio of these

areas

Fig. 1 10 lL water and dodecane droplets on a fluorosilane-grafted nylon film
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r ¼ Areal
fabric

A
apparent
fabric

¼ 52:64R2

12R2
¼ 4:39 ð10Þ

As shown in Eq. 10, the plain woven rough surface has

high enough r to achieve a metastable CB surface. Next,

we look at a plain woven fabric made with multifilament

yarns. Clearly, a multifilament yarn will have even higher

values of r, because the space between the fibers will

increase the real surface area while the apparent surface

area remains the same. In this case, Eq. 8 becomes

Areal
fabric ¼ Amulti � 52:64R� NRf ð11Þ

where N is the number of filament fibers, R is the radius of

the yarn, and Rf is the radius of the filament fibers.

Substituting Eq. 11 into 10 yields

r ¼ Areal
fabric

Aapparent
fabric

¼ 4:39
NRf

R
ð12Þ

Now, we model a CB plain woven fabric. In Fig. 2, the

center-to-center distance is 2
ffiffiffi
3
p

R and the contact angle on

a CB NyCo surface, hr
CB, is defined as

cos hCB
r ¼

ðp� heÞffiffiffi
3
p cos he þ

sin heffiffiffi
3
p � 1 ð13Þ

Substituting Young contact angles into Eq. 13 along with the

measured contact angles from the flat nylon film provides

hr
CB. Meanwhile, we obtained df*1.5Rf, where Rf is the fiber

radius and 2df is the distance between two adjacent fibers,

by analyzing SEM images with RevolutionTM v1.60b24

(Fig. 3). Therefore, the contact angle on CB multi-filament

fibers, hr
multifilament, is defined as:

cos hmultifilament
r ¼ 2ðp� heÞ

5
cos he þ

2 sin he

5
� 1 ð14Þ

Substituting 119� B he (water) B 124� and 73� B he

(dodecane) B 81� into Eq. 13, we find 142� B hr
CB

(water) B 147� and 98� B hr
CB (dodecane) B 106� for the

fluorosilane-grafted plain woven fabric. In the same manner,

substituting the same he into Eq. 14, we obtain 149� B

hr
multifilament (water) B 152� and 114� B hr

multifilament (dode-

cane) B 120� for the fluorosilane-grafted multifilament

yarns. Using these values as the effective contact angles for

the yarns in the woven structure and re-solving Eq. 13, i.e.,

substituting these values into he (water) and he (dodecane) in

Eq. 13, we predict 166� B hr
CB (water) B 168� and 138� B

hr
CB (dodecane) B 143� for the fluorosilane-grafted multi-

filament plain woven fabric. According to our prediction,

NyCo multifilament plain woven fabric can be superhydro-

phobic and oleophobic once the fabric is treated with an

LSTM. Figure 4 shows water and dodecane droplets on the

fluorosilane-grafted NyCo; the initial apparent contact

angles of water and dodecane on this surface are 162� B hr
CB

(water) B 171� and 139� B hr
CB (dodecane) B 143�; and

both droplets are sitting on top of the rough surface. How-

ever, dodecane is slowly drawn into the woven structure with

reducing hr
CB (dodecane) while water stays on top of the

surface until water completely evaporates. Good agreement

between the predicted and measured contact angles was

obtained.

Contact angle hystereses and roll-off angles

A liquid droplet on a tilted surface can stay or roll off.

A water or oil droplet rolls off a hydrophobic or oleophobic

surface easier than from a hydrophilic or oleophilic surface.

When a droplet begins to roll off, the advancing contact

angle reaches 180� while the receding contact angle varies

and depends on the local structure of the solid surface and

the surface energy of the liquid and the solid. For our fluo-

rosilane-grafted NyCo fabric, the advancing contact angles

of both water and oil approached 180� when the droplet

began to move, but the receding contact angles varied

depending on the surface tension of the liquid. In addition, it

is important to note that the roll-off angle is also strongly

influenced by the volume of the droplet, as shown in Eq. 15.

mg sin a ¼ �DcLðcos hA � cos hRÞ ð15Þ

where m is the mass of the droplet, g is the gravitational

acceleration, a is the roll-off angle, cL is the liquid surface

tension, D is the diameter of the wetting area, hA is the

advancing contact angle, and hR is the receding contact

angle. A droplet cannot roll off if the size of the droplet is

smaller than that of the underlying structure of a rough

surface. On the other hand, although a receding contact

angle is smaller than 90�, the roll-off angle can be less than

5� if a very large droplet is deposited on a surface and the

surface is inclined. Therefore, it is important to understand

the relationship between the volume of a liquid droplet and

the diameter of the wetting area of a solid when the liquid is

deposited on a surface. In the limit of small droplets, a drop

deposited on a solid surface can have a nearly spherical cap

with a circular contact line as shown in Fig. 5.

The radius of the wetting area, RD, on a surface having a

contact angle no greater than 90� is

Fig. 2 Cross-section views of a plain woven fabric
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RD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3V

pð2� 3 cos hþ cos3 hÞ
3

s

ð16Þ

where V is the volume of the liquid and h is the contact

angle. However, if h is no smaller than 90�, RD is

RD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

V
4h

3 sin3 h
þ p

3 tanðp�hÞ

3

s

ð17Þ

Since D = 2RD, the diameter of the wetting area can be

predicted as shown in Table 1.

Because advancing contact angles are close to 180�
when droplets begin to move, the values of receding con-

tact angles are required to predict roll-off angles. A

receding contact angle can be predicted by computing

contact angle hystereses, hH, which is the difference

between hA and hR, McHale visualized the relationship

between the contact angle hysteresis of a smooth surface

and that of a rough surface by developing a gain factor,

which is the variation rate of the contact angle hysteresis

when a surface is roughened [16]. As two predominant

rough wetting models (the Wenzel and the CB models) are

Fig. 4 10 lL water and dodecane droplets on a fluorosilane-grafted NyCo

Fig. 3 SEM images of NyCo multifilament plain woven structures (950, 1 K, 5 K, and 20 K)
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commonly used to understand the wetting behavior of a

rough surface, two kinds of gain factors can be presented:

the Wenzel gain factor, Gr
W, and the CB gain factor, Gr

CB.

Here, Gr
W and Gr

CB are determined as

GW
r ¼

dðr cos heÞ
dðcos hW

r Þ
¼ r sin he

sin hW
r

ð18Þ

GCB
r ¼

dðf cos heÞ
dðcos hCB

r Þ
¼ f sin he

sin hCB
r

ð19Þ

where f is the fraction of the projected area of a solid

surface in contact with a liquid (f = 1 - f2). The Wenzel

equation provides a change in the contact angle

hysteresis on a Wenzel rough surface, DhH
W, caused by a

change in the contact angle hysteresis on a smooth surface,

DhH, as

DhW
H ¼ GW

r DhH ¼
r sin he

sin hW
r

DhH ð20Þ

When a contact angle he is close to 90�, DhH
W has

approximately the same value as DhH. However, since

the effect of roughness is proportional to the sine value of

DhH, DhH
W rapidly increases as r increases. Likewise, the

CB equation provides a change in the contact angle

hysteresis on a CB rough surface, DhH
CB, caused by a

change in the contact angle hysteresis on a smooth surface,

DhH, as

DhCB
H ¼ GCB

r DhH ¼
f sin he

sin hCB
r

DhH ð21Þ

Since f varies from 1 to *0 when a surface is roughened,

DhH
CB is always smaller than DhH on a rough surface and

decreases as f2 increases. As a numerical example, if a

water droplet is deposited on a nylon rough surface having

he = 70�, DhH = 110� and r = 3, the apparent contact

angle, hr
W, will be *0� and thus the contact angle hyster-

esis on this Wenzel surface, DhH
W, will be over 90�, i.e., the

droplet will be adsorbed onto the rough structure and will

not be able to roll off such a hydrophilic rough surface.

However, if a water droplet is deposited on a poly(tetra-

fluoroethylene) (PTFE) having he = 120�, DhH = 90� and

f = 0.26, the apparent contact angle, hr
CB, will be 150� and

thus the contact angle hysteresis, DhH
CB, on this CB surface

will be 45�, i.e., the surface will become superhydrophobic

and the droplet rolls readily off the surface at a certain

inclination angle.

The roll-off angles of water and dodecane were pre-

dicted and compared with the measured values. Table 2

shows the predicted roll-off angles, a, of 50 and 100 lL

droplets of water and dodecane on fluorosilane-grafted

NyCo. For water, a can be simply predicted by substituting

D, obtained using Eq. 17, and DhH
CB, carried out from

Eqs. 19 and 21, into Eq. 15 since hR
CB = hA

CB - DhH
CB.

However, in this study, a measured D is used instead of the

predicted D since the shape of a liquid droplet is not per-

fectly spherical when V C 10 lL.

Fig. 5 The diameter of wetting area, D, of 10 lL of a liquid on a surface having h B 90� and h C 90�

Table 1 Diameter of wetting area of liquid droplets

h (�) D (mm)

5 lL 10 lL 20 lL 50 lL

10 38.13 48.04 60.53 82.15

20 15.29 19.26 24.27 32.94

30 9.06 11.41 14.37 19.51

40 6.32 7.96 10.03 13.61

50 4.84 6.10 7.68 10.42

60 3.94 4.96 6.25 8.49

70 3.35 4.22 5.32 7.22

80 2.95 3.72 4.69 6.36

90 2.67 3.37 4.24 5.76

100 2.48 3.13 3.94 5.34

110 2.26 2.85 3.59 4.87

120 2.01 2.54 3.20 4.34

130 1.74 2.19 2.76 3.75

140 1.44 1.81 2.28 3.09

150 1.10 1.39 1.75 2.38

160 0.75 0.94 1.19 1.61

170 0.37 0.47 0.59 0.81
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In the case of dodecane, whose he \ 90� and hr
CB [ 90�,

the situation is less favorable, and Eqs. 19 and 21 cannot be

used to predict a of dodecane since the sine curve has a

bilateral symmetry with respect to 90�. Hence, Eqs. 19 and

21 have to be modified for a metastable CB surface as

below.

Gmeta�CB
r ¼ f ð1þ cos heÞ

ð1þ cos hCB
r Þ

ð22Þ

Dhmeta�CB
H ¼ Gmeta�CB

r DhH ¼
f ð1þ cos heÞ
ð1þ cos hCB

r Þ
DhH ð23Þ

Therefore, for dodecane, a can be predicted by substituting

D and DhH
meta-CB into Eq. 15. The respective predicted

values of a are 35� and 22� for 50 and 100 lL water

droplets, and 46� and 25� for 50 and 100 lL dodecane

droplets, as shown in Table 2. Meanwhile, 100 lL water

and dodecane droplets were deposited on the prepared

fluorosilane-grafted NyCo woven fabric and the surface

was steadily inclined to measure the roll-off angles of this

superhydrophobic oleophobic surface. As shown in Fig. 6,

the measured a of water and dodecane are 18.5� and 20�,

respectively; these numbers are very close to the values

predicted in Table 2. Again, if liquids having different cL

are deposited on a solid surface, the roll-off angles of the

liquids are strongly influenced by the size and the surface

energy of each liquid.

Conclusion

In this research, the wetting behavior of a flat surface was

compared with that of a rough surface. A superhydrophobic

oleophobic surface has been obtained by two criteria: low

surface tension and a proper surface roughness. To make

NyCo superhydrophobic and oleophobic, NyCo plain

woven fabric consisting of multifilament yarns was treated

with fluorosilane, which has a very low surface tension,

through a microwave-promoted reaction. From the Young

contact angles of water and dodecane on a fluorosilane-

grafted nylon film, we predicted the apparent contact

angles on a fluorosilane-grafted NyCo fabric. The effect of

the size and the contact angle hysteresis of water and

dodecane droplets on such a superhydrophobic oleophobic

rough surface was analyzed, and the shape and the motion

of the droplets were studied to understand the wetting

behavior of both stable and metastable CB surfaces. To

make a droplet roll off at a very shallow inclination angle,

Table 2 Predicted roll-off

angles of water and dodecane on

fluorosilane-grafted NyCo

a Measured values
b For both stable and

metastable CB surfaces

Parameters Water (cL = 72.8 dyne/cm) Dodecane (cL = 24.5 dyne/cm)

50 lL 100 lL 50 lL 100 lL

min he (�)a 119 119 73 73

DhH (�)a 151 151 168 168

f 0.18 0.18 0.18 0.18

min hr
CB (�)b 162 162 139 139

DhH
CB (�)b 76 76 156 156

hA
CB (�)b 180 180 180 180

hR
CB (�)b 103 103 25 25

D (mm)a 5 6.5 7.5 9

m (mg) 50 100 50 100

a (�) 35 22 46 25

Fig. 6 100 lL water and dodecane droplets on a tilted fluorosilane-grafted NyCo just before rolling off
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the contact angle hysteresis should be small. For hydro-

phobic and oleophobic surfaces, stable and metastable CB

gain factors are the attenuation of contact angle hystereses.

Good agreement between the predicted values and the

measured values of contact angles and roll-off angles was

obtained. It is important to note that the form of the CB

gain factor (Eq. 19) should be modified to the metastable

CB gain factor (Eq. 22) to predict a receding contact angle

of an oil droplet on an oleophobic rough surface.
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