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ABSTRACT: Surfaces that are resistant to both liquid fouling and solid fouling are critical for
many industrial and biomedical applications. However, surfaces developed to address these
challenges thus far have been generally susceptible to mechanical damage. Herein, we report the
design and fabrication of robust solid- and liquid-repellent elastomeric coatings that incorporate
partially crosslinked lubricating chains within a durable polymer matrix. In particular, we
fabricated partially crosslinked omniphobic polyurethane (omni-PU) coatings that can repel a
broad range of liquid and solid foulants. The fabricated coatings are an order of magnitude
more resistant to cyclic abrasion than current state-of-the-art slippery surfaces. Further through
the integration of classic wetting and tribology models, we introduce a new material design
parameter (KAR) for abrasion-resistant polymeric coatings. This combination of mechanical
durability and broad antifouling properties enables the implication of such coatings to a wide
variety of industrial and medical settings, including biocompatible implants, underwater
vehicles, and antifouling robotics.
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■ INTRODUCTION

Surfaces exposed to real-world conditions are often immersed
in complex environments and are susceptible to fouling from
both liquids and solids. Examples include biofouling in the
maritime industry,1−3 liquid condensation or frost formation
on heat exchangers,4−6 and bacterial infection on biomedical
devices.7,8 Surface fouling can seriously impact the perform-
ance of machines and human health. It is challenging to
prevent these fouling processes because they may simulta-
neously involve multiple phases of foulants, which in turn can
vary by orders of magnitude in terms of foulant modulus and
fouling length-scales.9,10

Over the past three decades, numerous liquid-repellent
surfaces (e.g., superhydrophobic surfaces11−13 and super-
oleophobic surfaces14−17) have been developed using micro/
nanoscale surface textures and low-surface-energy chemicals.
These liquid-repellent surfaces can retain an air layer and form
a liquid-solid-air composite interface, which can minimize the
contact area between the liquid and solid phases. However,
these surfaces cannot intrinsically repel solid foulants or
multiphase foulant mixtures because the air layer that they rely
on for liquid repellency can be displaced by a variety of solid
foulants.18−20 This removal of the air layer leads to a significant
increase in the adhesion between the foulants and the surface
as the underlying surface textures are filled. In addition,
repellent surfaces based on the careful design of micro/
nanostructures13,14 can be easily damaged by mechanical
abrasion or scratching.13

A few examples of surfaces that can repel a broad range of
solid and liquid foulants have been developed recently.21−28

These surfaces are designed to form a molecularly smooth
surface using liquid lubricants or liquid-like polymer brushes,
which can replace the solid−foulant interface with a liquid−
foulant interface. However, these surfaces typically suffer from
poor mechanical durability.29,30 For example, slippery liquid-
infused surfaces can be rendered dysfunctional by shear flow or
mechanical abrasion.29,31 The poor mechanical durability of
such surfaces can be attributed to the loss of lubricant surface
coverage during abrasion and the softness of the intermediate
textured layer. These durability limitations prevent such
surfaces from being widely implemented in industrial and
biomedical settings.
Various approaches have been explored to enhance the

mechanical durability of such slippery smooth surfaces,
including regeneration of the lubricant or the underlying
solid material texture,32,33 use of composite materials,13,34 or
self-healing through thermal stimulation.29,35 However, many
of these methods have typically only resulted in moderate
durability improvements,29,32 while some studies have
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demonstrated more improved abrasion resistance.34 Thus,
surfaces with improved abrasion resistance are needed to
enable robust liquid and solid repellency in harsh working
environments.
Herein, we report the design and fabrication of mechanically

durable elastomeric coatings that can repel a wide range of
liquid and solid foulants. We also discuss a new design
framework for developing such coatings by utilizing a modified
classical tribology model, as well as the Hansen solubility
parameters.36 This design framework identifies the require-
ments for creating durable omniphobic coatings: a high coating
hardness, complete lubrication, that is, lubrication that is
retained even after mechanical abrasion, and a small Hansen
solubility circle for the lubricant. Applying these design
principles, we introduce a lubricant that is partially crosslinked
within the polyurethane (PU) matrix to fabricate omniphobic
polyurethane (omni-PU) elastomeric coatings that can with-
stand more than an order of magnitude increase in the number
of harsh abrasion cycles, when compared to current state-of-
the-art omniphobic coatings. In addition to its favorable
mechanical properties, omni-PU can repel liquids with a wide
range of surface tensions from 12 to 72 mN/m. Furthermore,
omni-PU is able to prevent solid fouling from different foulants
with modulus spanning 7 orders of magnitude. Finally, because
of the wide range of lubricant candidates that can be used to
form omni-PU surfaces, the repellency and transparency of the
coatings can be tailored for specific application requirements.

■ RESULTS AND DISCUSSION
Design of Mechanically Durable Elastomeric Coat-

ings. A classic wear model, known as the Ratner−Lancaster
model,37,38 predicts that the wear rate (WR) of a polymer,
defined as the worn material volume per unit sliding distance,
can be expressed as:

W C H/R μ σε= (1)

here C is a constant, μ is the friction coefficient, H is the
hardness of the polymer, and σ and ε are the stress and strain
at tensile rupture. Based on this model, a polymeric coating
with a low wear rate (WR) should have a high yield strength
and hardness, as well as a low friction coefficient with the
abrader. The friction coefficient can be reduced by introducing
lubrication, which can also enhance the yield strength of the
interface.39 For a lubricated surface, considering the
deformation of the solid substrate during mechanical abrasion,
the friction coefficient (μ) based on Hardy’s friction model40

can be expressed as:

r s r s H( (1 ) )/l sμ = · + − · (2)

where r is the ratio of lubricated area to total area, sl and ss are
the shear strength of the lubricant film and the solid substrate
respectively, and H is the hardness of the solid substrate.41,42

In most cases, sl is significantly lower in magnitude than ss. For
example, the shear strength of a lubricant film formed by
polymer brushes is ∼0.1 MPa,43 which is at least 2 orders of
magnitude smaller than the typical shear strength of ceramics
and metals (10−1000 MPa).44,45 Thus, the wear rate (WR) can
be expressed as:

W C r s r s H(1 ) /R l m
2σε= [ · + − · ] (3)

Based on this modified relation for abrasive wear on
polymeric coatings, a wear resistant coating can be achieved
by: (1) maintaining a stable lubricant layer that remains on the
surface both during and after abrasion (i.e., maintain r ∼ 1)
and (2) utilizing a polymer matrix with high hardness (i.e.,
increase H).
Current state-of-the-art lubricated surfaces can be formed by

two distinct methods: (1) infusing a lubricant into a porous
matrix (Figure 1)2,21,22,25 and (2) covalently attaching mobile
polymer brushes (i.e., polymers above their glass transition
temperature) onto smooth substrates (Figure 1).23,24 Mechan-
ical abrasion can easily result in removal of the lubricant layer
and cause damage to liquid-infused slippery surfaces by
exposing the unlubricated solid substrate (i.e., decreasing
r).29 On the other hand, surfaces with mobile polymer brushes
can be easily damaged by mechanical abrasion owing to the
small thickness (∼1 to 10 nm) and the softness of the polymer
layer.46 Therefore, there is a need to develop coatings that are
concurrently mechanically hard and maintain a stable
lubrication layer.
Herein, we develop mechanically durable coatings where the

lubricant is partially crosslinked within a hard elastomer as
shown in Figure 1. This enables the coating to have a relatively
high hardness and to maintain complete lubrication during and
after abrasion, that is, retain r ∼ 1 and therefore a low WR. In
addition, this partial crosslinking of the lubricant within the
elastomer matrix can also help reduce the loss of lubricant
through shear flow, wear, and evaporation.31,47

Design of Durable PUs with r ∼ 1. Many PUs [including
the PU elastomer used in this study, which is formed by
aliphatic polyisocyanate (HDI trimer) crosslinking with
hydroxyl-bearing polyester] exhibit high hardness (61 Shore
A, Table S1) and wear-resistance.48−50 As a result, these PU
materials are promising for use as a polymer matrix to form
completely lubricated (i.e., r ∼ 1 during and after abrasion)
solid- and liquid-repellent coatings with enhanced mechanical
durability. To achieve complete lubrication within the PU

Figure 1. Schematic comparison of various surface coating strategies, including lubricant infusion, polymer brushes, and partial crosslinking of the
lubricant within a polymer matrix.
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elastomer, we reacted a number of different polyols (PDMS-
OH with a viscosity of 25 cSt, PDMS-OH with a viscosity of
65 cSt, fluorinated PDMS diol (C7-F), and castor oil) with the
HDI trimer (molecular structure shown in Figure 2a) to form a
partially crosslinked polymer matrix, leaving the unreacted free
polyol molecules as the lubricant both within and on top of the
polymer (Figures 1 and 2a).
Here, we selected PDMS-OH with a viscosity of 25 cSt

(PDMS-OH 25 cSt) as a model polyol to demonstrate the
partial crosslinking of this modified PU. Before the isocyanate
reaction, the Fourier-transform infrared spectroscopy (FTIR)
spectrum of the coating solution (Figure 2b) exhibited a strong
peak associated with the isocyanate group (-NCO group) from
the HDI trimer. The spectrum also displayed hydroxyl (-OH
group) stretching modes, which arise from the PDMS-OH 25
cSt. After the crosslinking reaction, the FTIR spectrum (Figure
2b) showed a significantly reduced isocyanate peak and a
corresponding reduction in the peak associated with hydroxyl
stretching, indicating the reaction between these two moieties
as partial crosslinking occurs.
Design of Omniphobicity. The liquid repellency of

mechanically durable PU coatings can be determined by
considering the lubricant/polyol immiscibility with various
contacting liquids.21,22 Therefore, we investigated the solubility
of several polyols in a number of common polar and nonpolar
liquids with surface tension spanning from 12 to 72 mN/m.
Based on the solubility tests (see Table S3), Hansen solubility
circles for the polyols were formed by plotting the dispersive
(δD) and polar (δP) solubility parameters of the testing
liquids, as shown in Figure 2c. The Hansen solubility circles

are defined as the minimal circular area that can encompass all
of the liquids that are miscible with the corresponding
polyols.36 Therefore, they can serve as an effective predictor
of the solubility and, thereby, the repellency of the omniphobic
PU (omni-PU) coatings against specific contacting liquids as a
function of the polyols used to form the lubricant. For
example, PDMS-OH 25 cSt is represented by the light blue
solubility circle in Figure 2c, which illustrates that it is miscible
with different polar alcohols including ethanol and methanol.
This predicts that the omni-PU with PDMS-OH 25 cSt cannot
repel ethanol or methanol (Table S4). If these alcohols need to
be repelled, then PDMS-OH with a higher molecular weight
should be used as the partially crosslinked lubricant. An
example of such a lubricant is PDMS-OH 65 cSt, whose
solubility circle is also shown in Figure 2c.
This solubility design framework can aid in the selection of

appropriate polyols to form omni-PU coatings that can repel a
specific contacting liquid that may be present in a particular
application. This adds a third design criterion for the
fabrication of durable liquid and solid-repellent coatings: the
partially crosslinked lubricants (polyols in this case) should
have small solubility circles. For example, ethylene glycol has a
solubility circle (Figure S1) that is much larger than the polyol
circles in Figure 2c, and therefore, it is not useful to form
omni-PU surfaces. Another example to highlight is castor oil,
whose solubility circle is relatively small, but the resulting
coatings are soft (hardness: 12 Shore A) and not mechanically
durable. Thus, castor oil is not useful to form omni-PU
surfaces because it does not satisfy the criteria for wear
resistant coatings as discussed above.

Figure 2. Design of omni-PU coatings. (a) Schematic illustrating the chemical reaction of the polyol and the HDI trimer to form omni-PU. The
substrate was pretreated with amine-silane to enhance bonding with the omni-PU coating. (b) FTIR spectra of the unreacted omni-PU coating
solution and partially crosslinked omni-PU. The polyol used here was hydroxyl polydimethylsiloxane (PDMS-OH). (c) Liquid repellency
predictions using the Hansen solubility parameters. The circles are the Hansen solubility circles for the corresponding polyols.
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For solid repellency, it has previously been shown that
coatings with a stable lubrication layer are capable of repelling
different solid foulants, including bacteria,51 fecal waste,20

marine foulant,2 and ice.4 Based on the stable lubrication layer
formed on omni-PU, it is expected that omni-PU coatings
would also have solid repellency in addition to liquid
repellency, which is demonstrated in a later section.
Fabrication of Omni-PU Coatings. Based on the design

criteria discussed above, we developed a facile, single-step
spray-coating-based fabrication process for omni-PU coatings
(Figure 3a). The polymeric coatings can be readily applied and
cured on a variety of substrates, for example, glass as shown in
Figure 3b. We selected PDMS-OH 25 cSt as a representative
polyol to demonstrate the synthesis of omni-PU, because it has
a relatively small solubility circle and can form hard omni-PU
coatings (H = 42 Shore A). Because PDMS-OH 25 cSt is not
directly miscible with the HDI trimer, we performed Hansen
solubility analysis (Figure S2 and Supporting Information) and
identified methyl isobutyl ketone (MIBK) as an appropriate
solvent for both the crosslinkable lubricant (i.e., the polyol:
PDMS-OH 25 cSt) and the HDI trimer. The optimal curing
conditions for the PDMS-OH 25 cSt and HDI trimer were
determined by varying the amount of catalyst present and the
reaction temperature (20−100 °C) (Figure S3).
Liquid Repellency of Omni-PU. Omni-PU coatings were

fabricated with various lubricants (PDMS-OH 25 cSt, PDMS-
OH 65 cSt, and C7-F), and their advancing and receding
contact angles were measured against a variety of contacting
liquids. The samples were shown to successfully repel liquids
with a wide range of surface tensions from 12 to 72 mN/m
(Figure 3b,c, and Table S4).

The premixed polyol percentage in the coating solution was
also systematically varied. The results demonstrated that the
weight ratio between the polyol and the isocyanate must be
≥0.75 to achieve strong liquid repellency, that is, an ultralow
contact angle hysteresis (<5°), toward different contacting
liquids (Figure 3d). The free polyol molecule percentage in
omni-PU can be varied by tuning the premixed ratio of the
polyol and the HDI trimer (Table S5). For example, a 2:1
weight ratio of the polyol and the HDI trimer resulted in ∼20
wt % of free oils throughout the volume and top surface of the
resulting omni-PU film (further details in the Supporting
Information).
Furthermore, our experiments show that the Hansen

solubility design framework is >80% accurate (i.e., three
exceptions in 17 different tested solvents) when predicting the
liquid repellency for omni-PU with PDMS-OH 25 cSt. As an
example of one of these exceptions, the Hansen solubility
parameters of Krytox oil and hexadecane are within the
solubility circle of the PDMS-OH 25 cSt, but they can still be
repelled by omni-PU. The mechanisms of the repellency
toward these two liquids are different. Krytox oil is not soluble
with PDMS-OH 25 cSt (Table S3), although its Hansen
solubility parameters fall within the solubility circle. For
hexadecane, it is soluble with PDMS-OH 25 cSt, but only after
sonication (Table S3). Contact angle measurements only
require a short contact time (a few minutes). It is likely that
the two liquids remained immiscible over these short time
scales (Figure S4). Note that the Hansen solubility circle/
sphere methodology does not account for partial miscibility
between solvents, and this limitation contributes at least
partially to the exceptions described here.

Figure 3. Fabrication of omni-PU coatings and their liquid repellency characterization. (a) Schematic illustration of the fabrication process for
omni-PU. (b) Optical photograph showing omni-PU with PDMS-OH 25 cSt as the lubricant and its liquid repellency toward Krytox 103,
hexadecane, ethylene glycol, and water. (c) Contact angle and contact angle hysteresis measurements on the omni-PU with different testing liquids,
using a droplet volume of 5 μL. (d) Contact angle and contact angle hysteresis measurements on omni-PU with varying the PDMS-OH 25 cSt to
HDI trimer ratio. The testing liquid was 5 μL of DI water. The error bars were obtained from at least five independent measurements.
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In addition to their liquid repellency, the omni-PU coatings
with PDMS-OH 25 cSt are highly transparent, with an optical
transmittance of >90% across the visible spectrum (Figure S5).
This makes them attractive coatings for windows or other
optical surfaces. For applications that do not require optical
transparency, the HDI trimer can be reacted with multiple
immiscible polyols (e.g., PDMS-OH and hydroxyl-bearing
polyester) to form omni-PU. These systems are opaque but
can still maintain a stable lubrication layer and demonstrate the
same liquid repellency performance as the transparent omni-
PU systems (Figure S6).

Mechanical Durability of Omni-PU. To test the
mechanical durability of the omni-PU, Taber abrasion testing
was performed, which is similar to the ASTM F3300−18
standard for measuring durability (details in the Experimental
Section).49,52 The test utilizes a harsh abrasive surface (in this
case we used the CS-10 abrader, which is composed of Al2O3
particles embedded in rubber), which contacts the coating
using a linear cyclic motion under a high applied load (∼8.3
N), as shown in Figures 4a and S7. A durable and
commercially available PU (HDI trimer crosslinking with
hydroxyl-bearing polyester, H = 61 Shore A) without any
partially crosslinked lubricant can withstand >1000 cycles of

Figure 4. Abrasion resistance of omni-PU and state-of-the-art controls. (a) Schematic of the Taber abrasion test, including a scanning electron
microscopy (SEM) image showing the topography of the CS-10 abrader. (b) Surface roughness measurements of omni-PU and PDMS films after
1000 cycles of mechanical abrasion. The error bars were obtained from at least three independent measurements. (c) Change in contact angle
hysteresis for water droplets (5 μL) on omni-PU with a polyol-to-HDI-trimer ratio of 1:1 and the control surfaces throughout the Taber abrasion
tests. (d) Advancing contact angle, static contact angle, and receding contact angle measurements with water and hexadecane (5 μL) on omni-PU
throughout the Taber abrasion tests. (e) Value of |cos θ*/cos θ − 1| vs number of abrasion cycles for omni-PU and various control surfaces. The
error bars were obtained from at least five independent measurements.
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mechanical abrasion with minimal weight loss (<0.2 wt %). In
contrast, a softer polymer such as PDMS (Sylgard 184 10:1, H
= 42 Shore A) decreases by ∼5% in weight after the same
abrasion process.
Owing to the ability of omni-PU to maintain complete

lubrication (r ∼ 1), the abrasion resistance of the material is
further enhanced when compared to the nonlubricated PU
surface. Optical microscopy analysis of the omni-PU and a
variety of control surfaces [i.e., PDMS, PDMS swelled with
silicone oil (iPDMS),2 PU, and PU swelled with PDMS-OH
(iPU); additional details in the Supporting Information] are
shown in Figure S8, which illustrates the differences in surface
morphology before and after abrasion. iPDMS and iPU
surfaces were chosen as representative liquid-infused, liquid
and solid repellent polymeric coatings developed in the recent
literature.2,53,54 Obvious scratches and surface roughening were
observed after mechanical abrasion on all of the control
surfaces. In contrast, the omni-PU surface showed only few
minor scratches. Based on roughness measurements that were
captured using optical profilometry before and after abrasion
(Figure 4b and Table S6), the omni-PU surfaces exhibited a
mild change in surface roughness (from 29 to 195 nm), while
the roughness on the control surfaces experienced a
significantly greater increase. For example, the surface
roughness of the PDMS surface increased from 43 to 1914
nm after abrasion.
To quantify the influence of surface abrasion on the liquid

repellency of the various coatings, we performed contact angle
and contact angle hysteresis measurements as a function of
abrasion cycles. The contact angle hysteresis for all of the
control coatings, including PU, PDMS, perfluorinated silanized
silicon (F-17), PDMS brushes (SOCAL),24 iPDMS, and iPU,
increased significantly after abrasion (between 100 and 600%

after 100 cycles of Taber abrasion; see Figures 4c and S9). In
contrast, the omni-PU maintained its low contact angle
hysteresis with minimal changes in hysteresis even after 1000
cycles of mechanical abrasion (Figure 4c,d). Overall, the omni-
PU outperforms all state-of-the-art liquid-repellent surfaces in
the mechanical abrasion tests, retaining its liquid repellency
after more than an order of magnitude increase in the number
of abrasion cycles.

Abrasion Resistance Parameter for Polymeric Coat-
ings. The Wenzel relation can be utilized to characterize how
mechanical abrasion impacts the surface wetting properties. In
particular, the newly generated surface area (ΔA) from
abrasive wear can be quantified using the Wenzel relation as:

A RL (cos /cos 1)0 θ θΔ = · * − (4)

where θ* is the contact angle after abrasion, θ is the Young’s
contact angle, 2R is the width of the abrader, and L0 is the
sliding distance of the abrader for each cycle (see details in the
Supporting Information). In Taber abrasion, particularly when
using ceramic particles embedded in rubber as the abrader
(e.g., a CS-10 abrader), the newly generated surface area (ΔA)
can be expressed as: ΔA ∝ L0·N·WR (see details in the
Supporting Information).
By combining the Wenzel relation and the modified

Ratner−Lancaster correlation (i.e., eq 3), we can describe
the correlation between the number of abrasion cycles (N) and
the measured contact angles as (see the Supporting
Information):

N K(cos /cos 1) / ARθ θ* − ∝ (5)

where we define KAR to be the abrasion resistance parameter of
the material, given as:

Figure 5. Solid fouling tests on omni-PU and various control surfaces. (a) E. coli adhesion on omni-PU and PU surfaces. The inset fluorescent
images compare the attached bacterial coverage of the surfaces. (b) Algae coverage area fraction on the omni-PU and control surfaces with and
without abrasion (PU, iPU, PDMS, and glass) over a period of 30 days. Optical microscopy images comparing the omni-PU and control surfaces
after 15 days of algal fouling. (c) Ice adhesion strength on various surfaces before and after durability testing (cyclic icing/deicing and mechanical
abrasion). (d) Summary chart illustrating the repellency of omni-PU to solid foulants with a wide range of elastic moduli. The inset images from left
to right are a microscopic fluorescent image of E. coli, a microscopic image of Ulva fasciata cells containing spores, a SEM image of a diatom, and an
optical image of an ice block being pushed by a force gauge probe. The error bar was obtained from at least three independent measurements.
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The higher the value of KAR, the more durable the coating.
Based on eq 5, we estimated the KAR values for the different

coatings in this work by performing contact angle measure-
ments after various numbers of abrasion cycles. In particular,
the water receding contact angle was measured for both the
nonabraded and abraded coatings. The correlation between |
cos θ*/cos θ − 1| and the number of abrasion cycles (N) can
be plotted as shown in Figure 4e. The initial slope of this plot
varies approximately linearly with 1/KAR. Accordingly, as the
slope decreases, the abrasion resistance of the surface increases.
From this plot, it is clear that omni-PU (KAR = 9070) has the

lowest slope and is therefore the most abrasion-resistant
material tested. By analyzing the data in Figure 4e, we observe
that iPDMS (KAR = 12) is more durable than PDMS (KAR =
6), which is due to the decrease of the friction coefficient (μ).
Interestingly, the iPDMS and SOCAL (PDMS brushed: KAR ∼
10; see Table S7) surfaces have similar KAR values, which is
likely due to the presence of mobile chains on both surfaces.24

Based on eq 6, we could further compare the abrasion
resistance of different coatings, when all relevant physical
properties [e.g., hardness H, and the stress, strain at tensile
rupture (σ and ε), and the shear strength of the lubricant film
and the solid substrate (sl and ss)] are known or measured.
Solid Repellency of Omni-PU. In addition to liquid

repellency, we also tested the solid repellency of omni-PU
against infectious bacteria (Escherichia coli.), soft marine
foulants (cyanobacteria and diatom), and ice (Figure 5). To
test bacterial adhesion, omni-PU surfaces and unmodified PU
surfaces were exposed to a liquid culture of genetically
modified E. coli with green fluorescent protein. After fouling,
less than 3% of the area on the omni-PU samples was covered
with E. coli, while ∼80% of the area on the control surfaces was
covered with biofilms (Figure 5a). These differences are
attributed to the presence of a robust lubrication layer that
remains adhered to the surface,51 demonstrating that the omni-
PU surfaces are highly efficient in preventing fouling from E.
coli.
To evaluate fouling in a simulated marine algae environ-

ment, omni-PU was compared to a range of control surfaces
(PDMS, iPU, and glass), both before and after 1000 cycles of
Taber mechanical abrasion. Following our previously reported
procedure,55 the samples were submerged into the algae
culture media, and the area covered by algae foulants (the algae
coverage area fraction shown in Figure 5b) was quantified
using optical microscopy every day for 30 days. The marine
algae culture contained both soft (e.g., cyanobacteria) and hard
(e.g., diatoms) solid foulants, with a range in elastic modulus
from 10 to106 kPa.9,55 Both the abraded and the nonabraded
omni-PU surfaces exhibited strong antifouling performance
throughout the duration of the tests, outperforming the control
surfaces, which were all fouled significantly within 20 days
(100% coverage for PDMS and glass, and ∼60% coverage for
iPU) (Figure 5b). This antifouling performance is superior to
previous reports using nanostructured superhydrophobic
surfaces under the same algal fouling conditions (23 days of
antifouling)55 as well as slippery liquid-infused porous surfaces
under similar marine fouling conditions (Ulva linza spores, 8
days of antifouling).56 The excellent antifouling performance of
omni-PU is attributed to the low adhesion between algae56 and
the PDMS-OH lubrication layer. The abraded PDMS and iPU

coatings experienced more fouling than the corresponding
nonabraded surfaces. This is because abrasion results in a
larger contact area (Table S6) for algae to settle and grow. In
contrast, mechanical abrasion had a limited impact on the algal
fouling on the omni-PU surfaces, because the surface
roughness only increased slightly after abrasion (from 29 to
195 nm) and the coating remained completely lubricated
(Figure 5b).
In addition, we tested marine fouling using a single-species

solution containing Ulva spores (modulus: ∼0.1 MPa) on both
omni-PU and control surfaces (see in the Supporting
Information). The Ulva spores preferentially accumulated on
the control surface instead of the omni-PU surface (Figure
S10). In addition to the low adhesion, the PDMS-OH layer on
omni-PU can also influence the mechanosensing ability of the
Ulva spores,57 and is a likely contributor to the antifouling
properties of the omni-PU surfaces.
In addition to biofouling, we also studied the adhesion

behavior of ice, which is of significant importance in
applications ranging from wind turbines to airplane wings.10

In these tests, omni-PU surfaces with varying polyol-to-HDI-
trimer ratios (1:1 and 2:1) were compared with a range of
control surfaces (PU, iPU, and PDMS) using a previously
published ice cube adhesion test procedure (see Figure S11
and Supporting Information).35,49,58 Icephobic surfaces gen-
erally are defined as having an ice adhesion strength below 100
kPa (the dashed line in Figure 5c).49,58,59 From Figures 5c and
S11, before any cyclic abrasion, the lubricated surfaces were
icephobic with an ice adhesion strength <30 kPa, while the
other nonlubricated polymer coatings were not icephobic and
had significantly higher ice adhesion strengths (up to 560 kPa).
To quantify the durability of omni-PU surfaces toward ice

adhesion, we performed two tests: (1) multiple icing and
deicing cycles49 and (2) ice adhesion after Taber mechanical
abrasion. In particular, we performed 10 icing and deicing
cycles on the omni-PU and control surfaces and measured
their ice adhesion strengths after each cycle (Figures 5c and
S12). The nonlubricated polymer surfaces (i.e., PDMS and
PU) retained a high adhesion strength to ice throughout our
testing. The lubricant layer on the iPU surfaces was almost
completely removed after 10 icing cycles, resulting in a
significant increase in ice adhesion strength from <30 to >300
kPa with multiple icing−deicing cycles. In comparison, the
omni-PU surfaces remained icephobic with an ice adhesion
strength below 50 kPa after 10 icing−deicing cycles.
Furthermore, we performed another 10 icing and deicing

cycles on omni-PU surfaces with two different polyol-to-HDI-
trimer ratios (1:1 and 2:1). The ice adhesion strength on these
surfaces gradually increased to a plateau value of 33 and 51 kPa
on omni-PU with polyol-to--HDI-trimer ratios of 2:1 and 1:1,
respectively. This trend suggests that the omni-PU transitioned
from displaying hydrodynamic lubrication to interfacial
slippage49,59 with ice during the first 20 cycles of icing-deicing
(Figure S10).
We also measured the ice adhesion strength on these

surfaces after 1000 cycles of Taber mechanical abrasion. As
shown in Figure 5c, the ice adhesion strength remained
relatively high (∼500 kPa) and unchanged on the durable PU
surface. The ice adhesion strength on the abraded PDMS
increased from ∼170 to ∼300 kPa, as the roughness of PDMS
increased significantly after abrasion (Table S6). In contrast,
mechanical abrasion had a more limited impact on the
lubricated surfaces, including the partially lubricated iPU. The
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ice adhesion strength only increased slightly on these surfaces,
from 20 to 45 kPa on the iPU surface and from <1 to 10 kPa
on the omni-PU surface, as shown in Figure 5c.

■ CONCLUSIONS

In summary, this study introduced three design principles for
the fabrication of durable solid- and liquid-repellent surfaces:
(1) Maintaining a stable lubricant layer before and after
abrasion; (2) Utilizing an elastomer with a high hardness; and
(3) Selecting a crosslinkable lubricant with a small Hansen
solubility circle. We also integrated classic tribology and
wetting models to introduce an abrasion resistance parameter
(KAR). Based on this understanding, we fabricated multiple
mechanically durable omni-PU coatings, using a novel polyol
reactive infusion method. These fabricated coatings could repel
virtually all high and low surface tension liquids. Additionally,
the coatings demonstrated a robust antifouling response
toward various solid foulants, spanning a broad range of
elastic moduli (1 kPa to 1 GPa) and geometric dimensions
(micrometers to centimeters) (Figure 5d). As a result of these
combined properties of abrasion resistance, liquid and solid
repellency, and optical transparency, the omni-PU coatings can
enable new applications in a variety of industrial and medical
settings that may not be possible using current state-of-the-art
materials.

■ EXPERIMENTAL SECTION
Materials and Fabrication of Omni-PU. Omni-PU with reactive

oil infusion (hydroxy-terminated PDMS) was manufactured using
multiple steps: 1. Vortex mixing of hydroxy-terminated polydime-
thylsiloxane (PDMS-OH) (Sigma-Aldrich) and HDI trimer (Coves-
tro, Desmodur N3800) in a MIBK (Fisher Scientific) solvent for 15
min until the mixture has no bubbles and is optically clear. 2. Addition
of a catalyst (dibutyltin dilaurate (Fisher Scientific) 0.1 wt % in
MIBK) to the solution with a weight percentage of 2.67% followed by
5 min of vortex mixing and 10 min of sonication to remove bubbles. 3.
Heating of the solution to 90 °C in the oven for 90 min. 4. Drop
casting or spray coating the solution onto surfaces that were
functionalized with -NH2 groups before the coating process. Surface
hydroxylation was performed using oxygen plasma exposure for 15
min with a power of 40 W.
Amine surface functionalization on glass was performed through

the following process: the glass surface was exposed to an oxygen
plasma for 15 min with a power of 40 W. Then the glass was placed
into a solution of 2 wt % bis(3-trimethoxysilylpropyl) amine (Gelest
Inc.) in ethanol (12.5 mL ethanol, 195 μL silane, 0.63 mL of pH = 2
acetic acid solution; stirred for 2 h before use) for 20 min. 5. The
coating was cured in a vacuum oven at 40−60 °C for a maximum of 2
days. 6. Postannealing of the coating was performed on a hot plate at a
temperature of 60−75 °C for a maximum of 1 day. Note: The HDI
trimer (Figure 2a) used here is highly sensitive to moisture.60

Materials and Fabrication of Control Surfaces. The control
surfaces included glass, PDMS, PU, iPDMS, iPU, SOCAL, and F-17.
A microscope glass slide was used from Fisher Scientific. Sylgard 184
(10:1) PDMS (Dow Inc) was cured in an oven at 80 °C for 24 h. To
fabricate PU, HDI trimer (N3800 from Covestro) and hydroxyl-
bearing polyester (670BA from Covestro) were cured in ambient air.
iPDMS was fabricated by swelling PDMS (Sylgard 10:1) in silicone
oil (20 cSt, Sigma-Aldrich) at 60 °C for 24 h.2 iPU was fabricated by
submerging PU in PDMS-OH 25 cSt at 60 °C for 24 h.
Taber Abrasion Test. The Taber abrasion test was performed

using a 5750 linear abrader from Taber Industries. We used the
maximum abrasion speed 60 cycles/min with 100 mm travel distance
per cycle, a harsh abrader (CS-10), and high loading weight (850
grams). The abrader was roughened following the instructions from

Taber Industries before all abrasion tests. Each Taber abrasion test
used a newly prepared abrader.
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