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Self-cleaning surface is usually superhydrophobic and non-wettable, 
characterized by a large static contact angle ( ≥ 150o) and a small sliding 
angle (≤ 10o). In contrast, wettable surfaces are surfaces with small static 
contact angles (e.g., < 90o). It is very uncommon to have surfaces that are 
highly wettable and slippery (sliding angles ≤10o) at the same time. In 
this report, recent work on wettable, slippery surfaces are reviewed. 
Results show that the key enabler for self-cleaning is surface slipperiness, 
not the large static contact angle as many suggested. Further investigation 
reveals that the main contributor to surface slipperiness is the small con-
tact angle hysteresis. Structure-property relationship studies of many wet-
table slippery surfaces suggest that fast molecular relaxation occurs 
during advancing at the liquid-solid interface, which leads to comparable 
advancing and receding angle and consequently small hysteresis. Addi-
tional supporting data for this interpretation is presented and discussed.

Keywords: Self-cleaning, wetting, slippery surfaces, contact angle,  
sliding angle, contact angle hysteresis

1  BACKGROUND

The phenomenon of superhydrophobicity displayed in nature including 
many plants, insects, and waterfowls has attracted tremendous attention in 
recent years. A superhydrophobic surface is non-wettable and generally 
exhibits a very large (static) contact angle (θ ≥150o), a small sliding angle 
(α ~10o or less) and/or a small contact angle hysteresis. In the case of the 

*Corresponding author: E-mail: lawkockyee@gmail.com



32	 K.Y. Law

Lotus leaf, water droplets usually bead up and roll-off effortlessly. During 
roll-off, dust particles adhere to the water droplets and are removed from 
the leaf surface, resulting in the famous self-cleaning effect [1, 2]. In 2008, 
Roach, Shirtcliffe and Newton [3] pointed out that the above definition of 
superhydrophobicity is arbitrary, merely representing a consensus number 
in the literature. On the other hand, Law [4, 5] recently defined superhydro-
phobicity as a surface having a water advancing angle θA ≥145o and reced-
ing angle θR >90o by studying the interactive forces of wetting attraction 
and adhesion between water and 20 different surfaces. As for wettability, a 
clear measuring scale remains to be defined. Zisman [6] proposed in 1964 
that wetting occurs when θ = 0o and that partially wetting is when θ ≠ 180o. 
Marmur recently suggested to use the contact area between the sessile drop-
let and the solid surface to measure wettability [7]. In this paper, we loosely 
define a surface highly wettable when it exhibits a static contact angle of 
~50o or less with a liquid. Intuitively, a highly wettable surface is not 
expected to exhibit high liquid droplet mobility due to the small θ value. It 
is thus very uncommon to have surfaces that are highly wettable and very 
slippery (α ≤10o) at the same time. Here we report the synthesis and surface 
properties of surface modified polyurethane coatings that are both highly 
wettable and slippery. These surfaces also display self-cleaning with hexa-
decane similar to that observed on the surface of a Lotus leaf. The applica-
tion of these surfaces in inkjet printing is discussed. The fundamental 
mechanism that enables both high wettability and slipperiness is put for-
ward and supporting data are presented.

2  EXPERIMENTAL

2.1  Materials 
The precursors for the polyurethane coating, the hydroxyl terminated poly-
acrylate (Desmophen® A870 BA) and hexamethylene diisocyanate (Des-
modur® N-3300A) were obtained from Bayer Materials Science. The 
catalyst for the cross-linking reaction was dibutyl tin dilaurate, RC catalyst 
201, from Rhein Chemie. Flow aid (BYK-331) and leveling agent (BYK-
358) were obtained from BKY Additives and Instruments. Surface modify-
ing cross-linker Silclean 3700 was obtained from BKY Additives and 
Instruments and Fluorolink-D was obtained from Solvay Solexis. Methyl 
isobutyl ketone, n-butyl acetate, methyl n-amyl ketone and methylene chlo-
ride were all ACS grade solvents and were purchased from Fisher Scien-
tific. Hexadecane (99.9%) was purchased from Aldrich. Fluorinated solvent 
FCL-52 was obtained from Cytonix. All solvents were used without further 
purification. Deionized water (18 MΩ⋅cm) was purified by a reverse osmo-
sis process in house. The acrylic based UV ink used in this work was 
obtained internally.



	 Highly Wettable Slippery Surfaces	 33

2.2  Measurements
Contact angle measurements were conducted on an goniometer (OCA20; Data-
Physics Instruments, GmbH) from Dataphysics, which consists of a computer-
controlled automatic liquid deposition system and a computer-based image 
processing system. In a typical static contact angle measurement, ~5 µL of the 
test liquid droplets (water or hexadecane) were gently deposited on the testing 
surface using a microsyringe and the static contact angle was determined by the 
computer software (SCA20; DataPhysics Instruments, GmbH)) and each 
reported data is an average of more than 5 independent measurements. Sliding 
angle measurement was done by tilting the base unit at a rate of 1°/sec with a 
10 µL droplet using titling base unit (TBU90E; DataPhysics Instruments, 
GmbH). All measurements were averaged from 5-8 measurements, using a 
pristine area of the substrate for each measurement. The tilted angle is defined 
as the angle where the test liquid droplet starts to slide (or move).

X-ray photoelectron spectroscopy (XPS) was performed on a Kratos 
instrument using a monochromatic Al X-ray source operated at 280 W 
and at a pressure of 10-9 Torr. The analysis was performed at a takeoff 
angle of 90° with respect to the sample surface, resulting in an approxi-
mate sampling depth of 2-5 nm. XPS data was processing with the CASA-
XPS software. 

2.3  Preparation of polyurethane based coatings
The base polyurethane coating was prepared by mixing a hydroxyl-termi-
nated polyacrylate (Desmophen® A870 BA in butyl acetate, 70% solids, 28.1 
g), hexamethylene diisocyanate (Desmodur® N-3300A, 100% solids, 10.3 
g), with 0.29 g of BYK-358, 0.15 g of BYK-331 (10% solids) along with 7 g 
of n-butyl acetate, 7 g of methyl n-amyl ketone, and 7 g of methyl isobutyl 
ketone. The mixture was stirred in a beaker along with 0.3 g of a cross-link 
catalyst, RC catalyst 201 (1% in PMA). The resulting solution was cast onto 
a Mylar® sheet on a drawbar coater with a 4 mil bar. The coating was first 
air-dried for ~30 minutes, and then cured at 130°C for about 30 minutes, 
yielding the base polyurethane coating.

Two types of surface modified coatings were prepared in this work. 
The first type was prepared by adding varying amount of a polysiloxane 
crosslinker, Silclean3700 (a hydroxyl functional silicone modified poly-
acrylate from BYK), to the above polyurethane formulation. The con-
centration of Silclean 3700 typically varied from 0.5 to 10% by weight 
relative to the total solid polymer weight of the formulation. The second 
type of coatings was prepared with cross-linker Fluorolink-D. To ensure 
thorough mixing between Fluorolink-D and the isocyanate, a fluori-
nated solvent FCL-52 was used as the coating solvent. The concentra-
tion of Fluorolink-D varied from 0.1 to 3% by weight relative to the 
total solid polymer weight of the formulation. The Fluorolink modified 
coating was coated and cured as previously described.
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3  RESULTS AND DISCUSSION

3.1 � Synthesis and Surface Properties of Surface Modified Polyurethane 
Coatings.

3.1.1  Synthesis 
In 2011, we [8] reported the synthesis of surface modified polyurethane coat-
ings by reacting hexamethylene diisocyanate with a hydroxyl-terminated 
polyacrylate in the presence of surface active cross-linkers, such as SilClean 
3700, Fluorolink-D and many of their derivatives. A schematic for the synthe-
sis and the structures of the cross-linkers are given in Figure 1. 

3.1.2  Surface properties 
Films of the surface modified polyurethanes were obtained by coating the as-
synthesized polymer solutions on Mylar substrates. After air drying, the coating 
was cured at 135oC for 30 min. The surface properties of these films were studied 
by static contact angle (θ) and sliding angle (α) measurements using the previ-
ously described procedures [9]. The data are tabulated in Table 1. 

The contact angle data for water and hexadecane as a function of the concen-
tration of the surface active cross-linkers in the polymer coatings are plotted in 
Figure 2. Static contact angles increase, indicative of increasing hydrophobicity 
and oleophobicity, as the concentration of the cross-linker increases for both sol-
vents. The elemental content of the coating surface was studied by XPS and the 
plots for the Si and F signals as a function of the concentration of the surface 
active cross-linker are given in Figure 3. Both Si and F signals increase rapidly 
initially and saturate at very low cross-linker concentrations. A visual is provided 
by the solid lines in Figure 3. More importantly, the increases in Si and F signals 

TABLE TITLE 
SET BELOW AS 
IN LAST PAPERS

Figure 1
Synthesis of polyurethane coatings with surface active cross-linkers.
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actually parallel to the increases in the water and hexadecane contact angles, 
clearly indicating that the low surface energy, surface active functional groups in 
the cross-linkers locate at the air-surface interface during the film forming step 
and dominate the surface property of the modified polyurethane coating.

The results in Table 1 also show the impact of the surface active cross-link-
ers on the sliding angles. The sliding angle is found to decrease as the concen-
tration of the cross-linker increases. The most surprising observations are those 
with the hexadecane droplets on the SilClean modified coatings. Based on the 
size of the static contact angles, these surfaces are highly wettable. On the other 
hand, they all exhibit extremely small sliding angles, <10o. For example, for the 
polyurethane coating modified with 7.5% SilClean 3700, a 2o sliding angle was 
obtained. Figure 4 depicts the snapshots of the sliding angle data.

3.2  Self-cleaning and applications
Contamination of the surface of inkjet printhead (Figure 5a) has been shown to 
be the main cause of printer machine being unreliable with high operating cost. 
Acrylic based UV ink is organic in nature. The slipperiness observed with 
hexadecane suggests that UV ink may not stick onto the printhead when its 
surface is coated with the SilClean modified polyurethane coating. Figure 5b 
shows an offline self-cleaning test involving a polyurethane-SilClean coating 
on a stainless steel plate (left-hand side). The non-coated side is on the right and 
is the control. The entire plate was showered with paper dust (white powder) to 
simulate contamination in the printing environment. When droplets of UV ink 

Table 1
Surface properties of polyurethane coatings modified by SilClean 3700 and Fluorolink-D.

% Surface
Modifier in PU

Water Hexadecane

θ (°) a α (°) b θ (°) a α (°) b

0% 71 52 22 Not measurablec

1.9% SilClean 99 31 31 6

3.8% SilClean 102 29 33 4

5.6% SilClean 102 26 33 2

7.5% SilClean 104 23 35 2

0.5% Fluorolink 101 Not slide 64 14

1% Fluorolink 102 63 67 10

1.9% Fluorolink 105 61 67 9

3% Fluorolink 104 63 67 9

a) static contact angle, average of at least 5 measurements, error <±2°; b) sliding angle, average of at least 5 measurements, error 
<±2°; c) the hexadecane drop just wet and flow when the surface is tilted. 
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Figure 2
Plots of static water and hexadecane contact angles versus surface active cross-linker concentra-
tion for (a) SilClean 3700 and (b) Fluorolink-D.
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(blue) are dispensed on the surface, paper dust particles are found cleaning off 
the surface as the ink slides. The cleaning action is similar to that observed on 
the Lotus leaf. No self-cleaning was observed on the uncoated side. Since the 
static contact angle for UV ink on the surface is ~40o, the result demonstrates 
that self-cleaning is enabled by slipperiness of the surface.

3.3  Mechanism for high wettability with super slipperiness
The interaction between a liquid droplet and the solid surface is expected to 
be very strong when the liquid is highly wettable. High liquid wettability also 

Figure 3
Plots of XPS signal as a function of the surface active cross-linker concentration for (a) SilClean 
3700 and (b) Fluorolink-D modified polyurethane coatings.

Figure 4
Snapshots of the sliding angle data for polyurethane coating modified with 7.5% SilClean 3700.

Figure 5
(a) Photograph of a contaminated printhead surface and (b) offline UV ink self-cleaning test with 
a SilClean modified polyurethane coating.
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means small θ value. Intuitively, the mobility of the liquid droplet is expected 
to be low. It is thus very unusual to have surfaces that are highly wettable and 
very slippery (≤10o) at the same time. Literature studies however reveal that 
this phenomenon is not new. For instances, Langmuir and Blodgett [10] 
observed a completed roll-off of a white mineral oil droplet on a trimolecular 
stearate Langmuir-Blodgett (LB) film on glass, which exhibited a contact 
angle of ~55o. They described the unexpected observation as “de-wetting”, 
attributable to both the tight packing of the C18 hydrocarbon chain in the LB 
film as well as the non-interacting nature of the CH3 end group. In 1996, 
Schmidt et al. [11] reported the synthesis of a new family of non-sticking, 
wettable polymers by cross-linking reactive perfluoroalkyl polymeric surfac-
tants with poly(2-isopropenyl-2-oxazoline) at different reactant ratios under 
various reacting and curing conditions. Static (θ), advancing (θA), receding 
(θR) and sliding (α) angles with water and hexadecane were reported. With 
hexadecane, four of the polymer coatings exhibit static contact angles range 
between 58o to 67o with sliding angles less than 15o. Recently, surfaces with 
even smaller static contact angles and sliding angles (θ ~30-50o and α <10o) 
have been reported by several research groups: the McCarthy group at Uni-
versity of Massachusetts [12, 13], the Hozumi group at AIST Japan [14-17], 
the Law group at Xerox [8, 9, 18-21], and the Liu group at Queen’s [22, 23]. 
All of these surfaces are flat and smooth based on optical microscopy [8] and 
AFM studies [13-17, 22]. Table 2 highlights typical surface properties 
observed for some of these surfaces. They are all hydrophobic with water θ 
>90o. The most fascinating results are from hexadecane. These surfaces are 
found to be highly wettable and highly slippery with hexadecane θ ranges 
between 30o to 70o and sliding angles less than 10o. 

Figure 6 shows a schematic of a sliding liquid droplet on an inclined sur-
face. The driving force (F) for the droplet to slide is equal to mg.sinα, where 
α is the inclination angle, m is the mass of the liquid droplet and g is gravita-
tional constant. The frictional force (f) that keeps the drop from sliding is 
given by [24, 25]:

	 f = γLV . R . k . (cosθR - cosθA),	 (1)

where γLV is the surface tension of the liquid, R is the length scale for the 
contour of the drop and k is an adjustable parameter based on experimental 
data.

At the moment of drop sliding, F = f and α becomes the sliding angle. 
Krasovitski and Marmur26 equated the sliding angle to θA and θR as:

	 sinα = C . γLV . (cosθR - cosθA),	 (2)
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where C is a constant that includes the gravitational acceleration, density of 
the liquid and the geometric parameters of the drop.

It is clear from Eq(2) that the fundamental driver for having a very small 
sliding angle (super slipperiness) is when θA ≈ θR. For a wettable surface, this 
outcome can be rationalized by a simple thermodynamic consideration. For 
instance, even though the energy required to de-pin a liquid droplet on a wet-
table surface is fairly high (small θR), it can be well compensated with a 
favorable wetting interaction (small θA) along with a small gain in potential 
energy through gravity.

One of the remaining questions is why the water droplet is stickier on the 
same surface despite having a larger water θ? In other words, with water, θA 
is larger than θR, whereas θA and θR are comparable with hexadecane. This 
observation can be attributed to the rate of molecular relaxation between 
liquid molecules and the functional groups at the liquid-solid interface. For 
example, when water is receding, the contact line always recedes from the 
wetted area, where water molecules and the functional groups have suffi-
cient time to relax and come to equilibrium at the liquid-solid interface. 
Contrarily, water molecules and the functional groups may not have enough 
time to come to equilibrium as the contact line advances to the non-wetted 
area during advancing. This will result in θA > θR. The situation with hexa-
decane and the slippery surfaces is quite different. The hexadecane solvent 
molecules and functional groups at the interface, such as PDMS 
(polydimethylsiloxane) and long alkyl chain, are not only highly compati-
ble, they are also very flexible. Together they facilitate fast molecular relax-
ation during hexadecane advancing. Consequently, comparable θA and θR 
and slippery surfaces result.

Evidence to support the molecular relaxation mechanism comes from data 
reported by Hozumi et al. [14] in 2012 on a series of PDMS brush grafted 
surfaces on Si-wafer. The molecular weight (MW) of the PDMS brushes var-
ies from 2,000 to 120,000. The surface properties were studied by advancing 

Figure 6
Schematic showing different forces acting on a liquid droplet on an inclined surface.
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and receding contact angle measurements. Plots of (θA - θR) as a function of 
the MW of the PDMS brush with water, n-decane, n-dodecane and n-hexa-
decane are reproduced in Figure 7. Consistent with earlier discussion, (θA - 
θR) for water is consistently larger than those with hydrocarbon solvents, 
attributable to the relative incompatibility between water and the PDMS 
brushes. The significance of the results lies in the PDMS MW effect on the 
polymer brush and the hydrocarbon chain length effect for the wetting liquid. 
According to the proposed mechanism, a rapid molecular relaxation between 
liquid molecules and the PDMS brush at the liquid-solid interface during 
advancing would lead to θA = θR. The data in Figure 7 clearly show that (θA 
- θR) decreases as the MW of the PDMS brush decreases and as the chain 
length of the wetting liquid decreases. The results fully support the molecular 
relaxation mechanism.

Further evidence supporting the mechanism comes from a temperature 
effect study on the same set of PDMS brush surfaces and the results are 
summarized in Figure 8. The rate of molecular relaxation is expected to 
increase as temperature increases. Consistent with the above interpreta-
tion, (cosθR – cosθA) are shown to be smaller when measured at 70oC as 
compared to those measured at room temperature for both water and 
hexadecane.

In polymer chemistry, the compatibility between liquid molecules and 
polymers are known to correlate to solubility parameter d [27-29]. To test 
the hypothesis of the importance of compatibility between liquid and solid 

Figure 7
Change of (θA - θR) for grafted PDMS surfaces with varying molecular weight. (Reproduced 
from Ref. 14. Copyright American Chemical Society 2012)
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Figure 8
Plots of (cosθR – cosθA) versus PDMS MW for brush surfaces on Si-wafer with water and hexa-
decane at 70oC and at room temperature. (Reproduced from Ref. 14. Copyright American Chem-
ical Society 2012)

at the liquid-solid interface, we take the liberty of analyzing several studies 
in the literature where the effect of solvent on either the contact angle hys-
teresis and/or sliding angle were investigated. The analysis of the Hozumi 
study on the C10 hybrid film is given in Figure 9a and those from the 
McCarthy and Liu studies are given in Figures 9b and 9c, respectively. The 
correlations are quite good. Consistently, d increases, indicative of increas-
ing incompatibility, as the contact angle hysteresis or sliding angle 
increases. These plots again support the molecular relaxation mechanism 
proposed earlier.

4  CONCLUSIONS

This work shows that the mechanism for super slipperiness on wettable 
surfaces is a result of their similarity in advancing and receding contact 
angles. Evidence is provided that fast molecular relaxation between liquid 
molecules and functional groups at the liquid-solid interface during liquid 
advancing results in a similar liquid-solid interface between advancing and 
receding, and θA ≈ θR. This work also demonstrates that self-cleaning is the 
result of surface slipperiness or small sliding angle, not the large static con-
tact angle as most publications suggested.
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Figure 8
Plots of solubility parameter d versus hysteresis or sliding angle for wettable slippery surfaces 
shown in the inserts (a. hysteresis data from Ref. 16; b. hysteresis data from Ref. 13, and (c) slid-
ing angle data from Ref. 22)
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