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Preface

This volume focuses on recent approaches and challenges toward the development
of novel coatings for the prevention of contaminant adhesion in extreme terrestrial
environments, such as those exemplified in aerospace, marine, and energy produc-
tion applications. The volume should be of interest to chemists and material
scientists in providing awareness of both the need for efficacy in mitigating
contamination and for appropriate coating durability; to physicists in providing a
better understanding of the interaction between the contaminant and the coated
surface; and to engineers in describing the need for better scale-up tests between
laboratory and field environments. The different chapters are not comprehensive
reviews, but outline recent contributions toward understanding the adhesion mech-
anisms between the contaminant and the coating surface, approaches for coating
formulation and development, and challenges in developing appropriate laboratory
and scale-up tests to simulate the field environment.
This volume is divided into an Introduction and four parts:

e The Introduction, “Aerospace and Marine Environments as Design Spaces for
Contamination-Mitigating Polymeric Coatings,” gives a more detailed overview
of novel materials, test method advances, and durability issues discussed in the
subsequent sections and chapters pertaining to ice and insect mitigation for
aerospace coatings and biofouling mitigation for marine coatings. The chapter
also includes an example showing the complexity of setting a laboratory bench-
mark for maximum ice adhesion strength.

e Part I, “Application of Biomimetics to Contamination-Mitigating Coatings,”
contains a chapter on the evolution of animal and plant surface structures toward
altering adhesion and how these structures and mechanisms might be applied to
contaminant-reducing coatings.

« Part II focuses on “Ice Contamination-Mitigating Coatings” and consists of six
chapters. The first chapter by Erbil and the last chapter by Zhao et al. provide
reviews on liquid ad(ab)sorbing surfaces for anti-icing applications and
antifogging/frost-resisting applications, respectively. The second through fourth
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chapters by Yeong et al., Brassard et al., and Rehfeld et al. concentrate primarily
on test development and secondarily on material development. The fifth chapter
by Tang et al. focuses on the development of a polysiloxane-modified acrylic
polyurethane. Rehfeld et al., Brassard et al., and Tang et al. also mention some of
the important engineering tests that should be considered in the development of a
durable coating.

Part III, “Insect Contamination-Mitigation Coatings,” consists of five chapters.
The first chapter by Smith et al. gives an overview of insect mitigation strategies
over the years. The next chapter by Wohl et al. describes the mechanism of
insect impact and residue expansion. The following two chapters by Kok et al.
and Gross et al. describe both coating and test development. The final chapter by
Gruenke discusses primarily requirements and test strategies for scale-up. The
chapters by Gross et al. and Gruenke et al. also highlight some of the durability
challenges that need to be addressed prior to implementation.

Part IV focuses on “Biofouling-Mitigation Coatings” and consists of two chap-
ters. In the first chapter, Rittschof reviews methods for incorporating antifouling
agents into polymer coatings and describes an example that incorporates a
biodegradable pharmacophore (chemical) that targets the fouling organism
intermediate life cycle stages and so reduces the level of agent needed compared
to one that targets the mature stage. The last chapter by Baier et al. concentrates
on the mechanism and development of an abrasion-resistant, easy fouling-
release, silicone-epoxy coating.

We would like to thank the authors who have participated in this volume for

their insightful work. We hope the volume will be useful to chemists, material
scientists, physicists, and engineers in pursuit of developing and implementing
anti-contamination coatings.

Hampton, VA, USA Christopher J. Wohl

Seattle, WA, USA Douglas H. Berry
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Aerospace and Marine Environments M)
as Design Spaces for Contamination- e
Mitigating Polymeric Coatings

Douglas H. Berry and Christopher J. Wohl

Abstract Aerospace and marine environments are two of the most challenging
arenas for durable coatings. This introductory chapter for the Advances in Polymer
Science volume “Contamination-Mitigating Polymeric Coatings for Extreme Envi-
ronments” gives an overview of materials and test method advances pertaining to ice
and insect mitigation for aerospace coatings and biofouling mitigation for marine
coatings. Each of these topics is then discussed in greater detail by subject matter
experts in the following chapters. A common challenge in these arenas is the cost,
complexity, and limited availability of field measurements, necessitating the need for
laboratory-scale testing and the setting of benchmarks. An example is provided
showing the complexity of setting a benchmark for maximum ice adhesion strength
to anti-contamination coatings allowing passive ice removal by wind or vibration.
Modeling ice as a cantilever beam on a coating surface in a wind stream indicates
that the benchmark value is dependent on the assumed shape of the ice that needs to
be removed.

Keywords Aerospace coatings - Biofouling-mitigation coatings - Biomimetics -
Coating durability - Contamination-mitigating coatings - Frost-resisting coatings -
Ice-mitigating coatings - Insect-mitigating coatings - Marine coatings
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1 Introduction

Prevention of contamination through polymeric coatings has been the subject of
research and development in fields ranging from biomedical to industrial to trans-
portation coatings. These coatings are designed to act passively so that no additional
energy or mechanical input is required for them to perform their anti-contamination
function. Drivers for the development and implementation of these coatings include
improved safety and performance, and reduced cost through the reduction in
mechanical complexity that is associated with active anti-contamination technolo-
gies. Additional improvements realized by the integration of these coatings should
include extending the underlying structure and coating lifetime, reducing environ-
mental impact, and enhancing appearance. This volume focuses on aerospace and
marine operational environments that make the identification of successful
contamination-mitigation coatings particularly challenging. Also discussed are
other applications, such as those for wind turbines, power transmission, refrigera-
tion, off-shore Arctic structures, automotive needs, and rooftops.

For aerospace applications, contamination by ice and insect residues is an area of
concern. In-flight and on-ground icing introduce hazardous flight conditions, leading
to aircraft failure that has resulted in loss of life [1]. Additionally, on-ground icing
requires treatment of the airplane with glycol-based deicing and anti-icing fluids that
limit the vehicle departure time before re-treatment is needed [2]. These fluids are
environmentally hazardous, and the deicing/anti-icing process negatively impacts
airport operations [3]. Insect residue prevention is also important, as future aircraft
will be designed with greater aerodynamic efficiency that could be negated as a
result of insect residue adhesion [4]. Besides having ice or insect mitigation func-
tionality, these coatings must be durable. Extensive ultraviolet (UV) exposure;
varying weather conditions; exposure to chemicals such as phosphate ester-based
hydraulic fluid and cleaning solvents; rain erosion; and particulate erosion are all
contributing factors creating a harsh environment in which a coating must persist for
at least several years [5-7].

For marine applications, the diversity of contaminating species, even at a single
location, as well as potential exposure to a variety of different marine environments,
necessitates that the coatings be robust and effective against a variety of marine
species and conditions. The mandate to remove tributyltin-containing coatings has
exacerbated this issue and initially left a void in the market for available coatings [8].
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Additionally, there is a need for better abrasion-resistant coatings for vessels
exposed to frequent dockings or to ice floes [9]. Thus, both intrinsic resistance to
contaminant accretion (accumulation) and adhesion and environmental durability
are required for aerospace and marine contamination-mitigating coatings.

This Advances in Polymer Science volume “Contamination-Mitigating Polymeric
Coatings for Extreme Environments” is organized as follows. The contribution [10]
in Part I of this volume discusses how understanding gained from biological systems
can be applied in the development of engineered surface coatings to mitigate
contamination. Parts II-IV focus on the development of anti-contamination coatings
to reduce ice [1, 5, 11-14], insects [4, 6, 7, 15, 16], and biofouling [8, 9], respec-
tively. These Parts start with papers reviewing and discussing mechanisms and
coating formulation approaches for the prevention or mitigation of the contaminant.
This is followed by papers on approaches for test method development to measure
the efficacy of the coatings. Each Part concludes with papers on industrial evalua-
tions and engineering tests on the potential durability of the coating.

2 Discussion

2.1 Part I: Application of Biomimetics to Contamination-
Mitigating Coatings

In this contribution, the evolution of animal and plant surface structures toward
altering adhesion and overcoming contamination in nature is reviewed [10]. Physical
principles for both wet and dry effects on adhesion are summarized, particularly how
these effects are influenced by roughness and topology. Finally, current and potential
applications of contaminant-reducing coatings, using biomimetic approaches, are
described.

2.2 Part II: Ice Contamination-Mitigating Coatings

Numerous forms and types of ice formation are relevant to aerospace. On the ground
or in flight, ice occurs from the condensation of moisture as frost onto a cold surface.
In aviation, the moisture typically comes from super-cooled water droplets (SCWD).
On the ground, ice formation occurs from super-cooled large droplets (SLD) of
greater than 50-um diameter in the forms of freezing rain and drizzle. In flight, not
only is SLD a concern up to an altitude of 3,660 m [17], but smaller SCWD, from
15 to 50 pm in diameter, form rime, glaze, or mixed (rime/glaze) ice at altitudes up to
6,700 m [18]. The challenge in developing robust ice contamination- mitigating
coatings and in specifying test conditions is demonstrated by referring to The Code
of Federal Regulations Title 14 Part 25 Appendix C and Appendix O, which present
characterizations of aircraft icing in-flight environments as functions of air
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temperature, maximum liquid water content (LWC), and droplet mean effective
diameter (MED), also known as mean volumetric diameter (MVD) [17, 18]. As
discussed by various contributors to Part II of this volume, the mechanical properties
of ice, ice accretion, and ice adhesion are influenced by a variety of these environ-
mental parameters, in addition to ice type, ice structure, ice formation temperature,
coating structure, and the test method itself [1, 11-13].

2.2.1 Material Development

Part IT has several papers related to the development of surfaces for the mitigation of
ice contamination through the prevention of ice accretion or by a reduction in ice
adhesion [1, 11, 12, 14]. An overview of recent approaches is provided, including
smooth low surface energy coatings, superhydrophobic coatings, and liquid-infused
porous surfaces, where the coating surfaces were impregnated with perfluorinated
silicone oil, hydrocarbon, or water [11]. The surfaces were evaluated using a variety
of methods. These include determining the rate of frost creation from condensate
formed by cooling the surface below 0°C in an atmosphere near room temperature,
measuring the ice adhesion formed from water placed on the surface and then cooled
below freezing (freezer ice), and a method developed in Erbil’s laboratory that
measures the amount of ice accreted after applying SCWD of unknown size at
—1°C with a liquid water content of about 10.6 g/m> onto a surface held at —2°C.
Another review focuses on polymeric structure approaches that form wet
superhydrophilic, dry superhydrophobic, or zwitter-wettable surfaces with a goal
of preventing fogging and, below 0°C, frosting [14]. The need for a small surface
roughness lateral auto-correlation length in superhydrophobic coatings is evaluated
by Yeong et al. [12]. They measure the adhesion of ice formed from the impinge-
ment of 20-pm-diameter SCWD at an LWC of 0.4 g/m® and air speeds of 50 and
70 m/s in glaze (—5°C) and rime (—15°C) icing conditions. Tang et al. evaluate a
novel polysiloxane-modified acrylic polyurethane, measuring adhesion using both
freezer ice at —20°C and ice formed from the impingement of freezing drizzle with
an MVD of 300 pm at —8°C [5].

2.2.2 Test Method Development

Correlation between laboratory-scale testing and operational environment testing
has not been confidently established. Although the expense and limited availability
of so-called real world test methods, such as those in an icing wind tunnel and flight
test campaigns for aerospace applications, are impractical for the routine screening
of materials, these remain the best methods for assessing the true efficacy of
contamination-mitigation approaches. In an effort to bridge the gap between the
laboratory and the operational environment, an array of test methods has been
developed, and a group of such test methods is reviewed in this volume. A concen-
tration on ice accretion and adhesion test method development, with the need to
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conduct the tests under very stable conditions, minimizing test device fluctuations, is
provided in the contributions by Brassard et al. [1] and Rehfield et al. [13]. The paper
by Erbil reviews coating development approaches, stresses the need for well-defined
ice accretion tests, and suggests using a modification of his method that is described
in Sect. 2.2.1 [11]. Brassard et al. stress the need for well-defined ice adhesion tests
[1]. Their paper focuses on the centrifuge ice adhesion test (CAT), which uses
300-pm MVD freezing drizzle that has been developed at their facility, Anti-Icing
Materials International Laboratory (AMIL). To help reduce variability in their
laboratory evaluation, bare aluminum reference samples were simultaneously iced
with the test formulations that were coated on the same reference aluminum. Since
small variations in the ice could not be eliminated, an adhesion reduction factor
(ARF), defined as the ratio of average ice adhesion on the reference bare aluminum
to the average ice adhesion on the coated aluminum, was utilized to further reduce
variability, and this has allowed them to give comparative values for the 345 samples
they have tested since 2003. While CAT uses freezing drizzle, they suggest that CAT
should be considered as a screening test which should be followed by ice adhesion
and accretion tests that more closely simulate actual icing conditions. They use an
offshore Arctic structure as an example [1]. The myriad of ice mitigation tests that
have been developed at Fraunhofer IFAM over the past decade is described in the
contribution by Rehfield et al., and the tests they determined to be most useful and
economical in their material evaluations of ice accretion and the adhesion of clear
freezer ice and rime ice formation are discussed [13]. Their contribution stresses the
importance of doing a series of laboratory-scale tests involving the accretion and
accumulation of ice, followed by larger-scale wind tunnel testing, which simulates
relevant icing scenarios experienced in field use, for coatings intended for applica-
tions such as aerospace, wind turbines, and automotive. Ultimately, field tests that
then determine the significance and correlation of the artificial icing test results with
the application should then be conducted [13]. They also recommend, as do several
authors in Part II of this volume [1, 5, 11, 12, 14], performing surface characteriza-
tions, such as contact angle, surface energy, water sliding angle, contact angle
hysteresis, and roughness, to better understand relationships between surface prop-
erties and icephobicity.

2.2.3 Adhesion Benchmark for Ice Removal

Because many researchers are limited to laboratory-scale investigations and do not
have access to larger-scale simulations, such as wind tunnels, and in-service perfor-
mance, such as flight tests, various benchmarks have been proposed for surfaces
which allow passive ice removal. A review by Kreder et al. [19], citing prior work
[20-22], suggested that ice adhesion below ~20 kPa could be considered a bench-
mark for surfaces which might allow passive ice removal by factors such as wind or
vibration. In their paper [20], Susoff et al. used Al 6082-T6 (EN AW-6082) as the
reference bare aluminum and tested candidate coatings in a modified 0° cone shear
test. For their testing, a test block containing deionized water was frozen overnight
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between the test surface and an outer surface, called a mold, in a freezer at a
temperature of less than —25°C. Since the test block warmed during transfer
between the freezer and the tester, testing was then performed at —14°C with the
bare aluminum reference producing an ice adhesion shear strength of
1,594 + 72 kPa. Kreder et al. [19] applied an ARF of 100, recommended by
Beisswinger et al. as the minimum value needed for ice self-shedding [21], to the
bare aluminum reference data of Susoff to help determine the suggested benchmark
of ~20 kPa. However, Beisswinger et al. had used CAT with freezing drizzle formed
from deionized water at —8°C in conjunction with ice accumulation data to produce
their estimate of ARF = 100 [21]. Using 6061-T6 aluminum, they found an ice
adhesion shear strength of about 600 kPa for the bare reference and reported that a
coating with an ice adhesion shear strength of about 6 kPa would reduce ice mass
accumulation by 90% [1, 23, 24]. Additionally, a contribution in this volume
estimates that an ice adhesion shear strength of 6 kPa is a good benchmark for ice
self-shedding under the effect of gravitational force [1].

Kreder et al. [19] also referenced the work of Dou et al. [22] when suggesting that
~20 kPa be considered a benchmark for surfaces allowing passive ice removal by
wind. In that work, a polyurethane coating containing a hydrophilic
dimethylolpropionic acid component that formed an aqueous lubricating layer at
subzero environments was developed [22]. It was applied by spin coating onto an Al
6061 substrate and thermally cured at 110°C. For determining ice adhesion, bottom-
less cuvettes in close contact with the coating surface were filled with deionized
water and held at —15°C for 5 h to form freezer ice. The shear strength of ice
adhesion was then determined using a force transducer. The best performing coating
produced an ice adhesion shear strength of 27.0 £ 6.2 kPa. This coating was then
prepared with ice attached using the previously described preparation and tested in a
wind tunnel, where a 12 m/s wind speed was determined to be sufficient to detach
and remove the ice [22].

However, by performing a cantilever beam analysis with a uniform load, similar
to that performed by Brassard et al. for self-shedding ice by gravity [1], there
appeared to be some other factor involved that allowed for the ice in the experiments
described by Dou et al. [22] to be removed at a low wind speed. In this first-order
analysis with an ice column of height L, depth D, and breadth B, as illustrated in
Fig. 1, it is assumed that the substrate supporting the ice column was rigid. The wind
shedding stress (S) in Eq. (1) is evaluated using the maximum bending moment (M),
the centroid (c¢), and moment of inertia (/) of the ice column [25]. M is determined
using the distributed applied force (F) from the wind, as given in Eq. (2). F, as given
in Eq. (3), is a function of the density of air (p), wind velocity (V), the drag
coefficient (Cp), and the area of ice perpendicular to the wind. The values for
c and I depend on the ice column dimensions and are determined by Egs. (4) and
(5), respectively. Substitution of Egs. (2)—(5) into Eq. (1) produces the final form for
the stress at the base of the ice column, Eq. (6).



Aerospace and Marine Environments as Design Spaces for. . . 7

Fig. 1 Dimension and D
orientation of ice column /
related to wind velocity |
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The value for Cp, depends on the Reynolds (Re) number, which is a measure of
the ratio of kinetic to viscous wind energy (Eq. 7):

__pVD
u

Re (7)

where u is the viscosity of air at the test temperature.

Parameters used and results from the calculation of S are given in Table 1. The
size of the ice column formed by the cuvette was not mentioned in the work of Dou
et al. [22], but was based on supplementary material provided in a previous publi-
cation by researchers who work in the same facility [28]. The ice column was 30 mm
high, and had a base of 100 mm?, equating to a base that was 10 mm broad and
10 mm deep. Cp for a rectangular rod with square cross-section and aspect ratio
(L/B) of 3 could not be found. However, the value of Cp for an infinitely long
rectangular rod with sharp corners is 2.05 when Re > 1,000 [26] and with slightly
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Table 1 Dou et al. [22] ice column dimensions, wind tunnel conditions, and results for analysis of
ice adhesion shear stress

Ice column height, L 30 mm [28]

Ice column breadth (perpendicular to wind flow), B 10 mm [28]

Ice column depth (parallel to wind flow), D 10 mm [28]
Wind tunnel wind velocity, V 12 m/s [22]
Wind tunnel temperature —15°C [22]

Air density at —15°C, p 1.369 kg/m® [35]
Air viscosity at —15°C, u 1.648 x 10~ Pa-s [35]
Reynolds number, Re 9,980

Drag coefficient, Cp, (for L/B = 3.0) 2.05 [26]*

Drag coefficient, Cp, (for L/B = 1.0) 1.05 [26]°
Predicted shear stress (for /B = 3.0) 5.5 kPa®
Predicted shear stress (for L/B = 1.0) 0.31 kPa®

“Value for an infinitely long rod
"Value for a cube

rounded corners (radius of curvature, /D = 0.021) is 1.95 at Re ~ 18,000 [27]. Cp
for a cube with sharp corners is 1.05 when Re > 1,000 [26].

Substitution of the values from Table 1 with Cp for an infinitely long rod into
Eq. (6) yields a shear stress produced on the ice column of 5.5 kPa. This suggests that
some additional unknown mechanism was assisting in removal of the ice. Perhaps
more importantly, Eq. (6) implies that the stress applied by wind shear increases as
(VLID)>. Experiments should be performed to determine whether ice can be removed
from a coating with larger base ice dimensions, particularly D, using airflow at
several different velocities, before setting a benchmark value for passive ice
removal. For example, if the block of ice is a cube with all dimensions equal to
either 30 mm or 10 mm, Cp is 1.05 for Re > 1,000 [26] and the stress S generated by
a 12 m/s airflow on the ice column predicted by Eq. (6) is only 0.31 kPa, over
17 times lower than that predicted for the ice column that was 30 mm high with
10-mm length on each side of the base. The adhesion benchmark below which ice
could passively shed from aircraft wings during take-off may be even lower. It has
been suggested that wings are subjected to a maximum shear stress of 0.1 kPa at
take-off speed, typically about 70 m/s [29].

From this discussion, it appears that the adhesion benchmark below which ice can
passively shed is probably not a single value but depends on intended use, including
the allowable size and shape of the ice, and test configuration parameters. Beyond
this, the physical properties of the ice (type of ice, density, crystallinity, etc.),
environmental conditions (temperature, rate of deposition, etc.) will influence the
adhesion benchmark. The ice adhesion shear stress strength value needed for
commercial aerospace applications may be quite low, even in-flight, where speeds
may be up to 250 m/s, due to the low form factor of ice that is acceptable.
Additionally, FAA 20-73, H 1.1.4 currently states that credit may not be taken for
the contribution from an ice mitigation coating during approval of the overall ice
protection system, since preserving its effective use is difficult to control [30]. This
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suggests that the ice accretion mitigation properties of the coating, such as time to
delay the freezing of SLD and small SCWD, as well as ice adhesion mitigation, must
be considered. For at least initial aerospace applications, hybrid systems incorporat-
ing thermal or mechanical energy with the ice mitigation coating, as suggested in
Refs. [5, 13], should be considered.

2.2.4 Durability

Ultimately, the use of an ice mitigating coating depends on the economic and safety
benefits gained, versus the cost of application, maintenance, repairability, and loss of
in-service time. The latter is especially important in commercial aviation. Besides
the durability of the coating toward repeated icing/deicing cycles, Rehfeld et al. [13]
mention several tests, and Tang et al. [S] describe in detail some of the important
engineering tests that should be considered in the development of a durable coating
for commercial aerospace applications. These include tests for wet and dry adhesion
to the underlying coating and resistance to UV exposure, rain erosion, particulate
erosion, and aircraft fluids, including hydraulic fluid, jet fuel, and deicing fluids.
Brassard et al. [1] provide a more general outline of durability considerations using
the previously stated example of an offshore Arctic structure.

2.3 Part III: Insect Contamination-Mitigation Coatings

Unlike ice, insect residue adhesion is not considered a significant concern for current
commercial aircraft; rather, it will play a significant role for future commercial
aircraft designs where laminar airflow will be utilized extensively for increased
fuel efficiency. The potential benefit that aircraft wings designed to enable natural
laminar flow (NLF) have on drag reduction, and therefore improved fuel efficiency,
is discussed in Part III of this volume by Smith et al. [4]. Beyond wing leading edges,
airflow over other aircraft surfaces is influenced by the presence of insect residues.
Other conceptual designs, such as boundary layer ingestion [31], may further
increase requirements to reduce surface contaminant adhesion, regardless of what
that contaminant is. Once a contaminant adheres to a surface of sufficient height to
disrupt airflow, a turbulence wedge develops behind it (Fig. 2). This wedge results in
a change in airflow properties over a much greater area than the region of the initial
contaminant, further highlighting the need to develop contaminant adhesion-
resistant surfaces.

2.3.1 Material Development

The genesis of materials with intrinsic insect residue adhesion-mitigating properties
has largely been achieved through empirical observations of insect residue retention
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Fig. 2 (a) Laminar flow (a)
over a nominal 50% chord
length shown in blue. (b)
Premature transition to
turbulent flow (shown in
white) develops once a
contaminant of sufficient
height to disrupt the airflow
adheres to the surface. (c)
Transition dots show the
turbulent wedge
development (dark area is
turbulent flow)

and the correlation of insect impact studies with surface properties. In Part III, an
overview of the processes involved in an insect impact event is provided [15]. In this
paper, the behavior of the insect residues at the moment of impact and during initial
residue expansion is related to water droplets impacting a solid surface. For water
droplet impact, the magnitude and nature of surface roughness play a dominant role
in expansion. At later stages of the impact event, surface energy begins to influence
the behavior of the expanded insect hemolymph, this behavior having important
implications for how readily the retained insect residues can be removed.

Other contributions to Part III of this volume consider a series of materials with
average roughness values (R,) that range from smooth (R, < 0.1 pm) to rough
(R, > 1pm)[7, 16]. Likewise, advancing water contact angle values indicate that the
evaluated surfaces ranged from hydrophilic to superhydrophobic. The conclusions
drawn from these studies are somewhat contradictory, in part due to how the post-
impact sample surfaces were characterized. Research toward the development of a
block-copolymer system with fluorinated and hygroscopic blocks has also been
included as a novel materials approach [6]. These coatings were smooth and mildly
hydrophobic and were designed to retain a significant hydration layer (potentially
imparting a lubricious surface that will naturally be replenished as a result of
exposure to humid environments), which would act as an interface between the
impacting insect residues and the actual coating surface.
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2.3.2 Testing Methodology

One of the best methods to evaluate a coating material’s ability to mitigate insect
residue adhesion in an operational environment is to perform flight testing. The
nature of the tests, as well as the results, are discussed in Part IIT by Smith et al.
[4]. These studies have indicated that a majority of insect impacts will occur during
the take-off and approach and landing phases of a flight profile. Forces high enough
to induce insect rupture occurred during taxiing for particularly soft insects, though
this constituted a relatively small portion of the insect population that the aircraft
encountered. The most significant result from flight testing has been that surface
properties influence the number and magnitude of insect residues left behind.

Cost, the inherent complexity involved in testing in uncontrolled environmental
conditions, and the limited applicability of flight test results, arising from the fact that
different insects populate different geographic regions, all contribute to the majority
of evaluation experiments being conducted in laboratory settings. In a laboratory
setting, the insect being evaluated, the impact speed, and other test conditions can be
controlled to reduce experimental complexity. Often, researchers will draw correla-
tions between laboratory and operational conditions, though it is widely recognized
that a true evaluation of any approach will require flight testing for validation.

There are two distinct phases involved in laboratory-based insect impact studies:
the impact event and evaluation of the impacted surface. Although a myriad of
different approaches can be envisioned for how to recreate an insect impact event,
most studies fall into one of three categories: the propulsion of a surface toward an
insect, the propulsion of an insect using a sabot to accelerate the insect, or the direct
introduction of the insect into an air stream (Fig. 3) [32-34]. In Part III of this
volume, the work of Gross et al. [6], Gruenke [7], and Wohl et al. [15] involved the
direct introduction of an insect into an air stream, while Kok et al. [16] utilized both
this approach and the sabot-style impact test. One potential benefit of the use of a
sabot is that the stresses imparted on the insect during acceleration are reduced.
However, this method also increases test configuration complexity. Gradual accel-
eration of an insect can overcome the challenge of utilizing a sabot. However, this
requires a greater insect impact instrument footprint, and may increase the spread in
insect impact location. For all of these approaches, the insect must be alive, to better
emulate an impact event in an actual operational environment, although insect
incapacitation is permitted. The nature of the insect hemolymph begins to change
immediately after the insect has died, and this would change its interaction with an
impacted surface.

The characterization of surface changes after an insect impact event has occurred
has been approached by several methodologies. Due to the brittle nature of the
accreted insect residues, direct mechanical testing, akin to some methodologies to
assess ice adhesion strength, cannot be performed. Therefore, many researchers
assess the efficacy of a surface by determining the amount of insect residues accreted
and then draw comparisons with reference surfaces. This is the approach of Gross
et al. [6], Wohl et al. [15], and Kok et al. [16]. Methods to qualitatively assess bond
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Fig. 3 Insect impact studies (a)
have been performed using
propulsion of the substrate

(a), propulsion of the insect

(b), and propulsion of the

insect supported by a sabot

that leaves the insect

trajectory prior to impact (c)

(b)

-
>
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strength and cleanability are also described [7]. These two approaches, reduction in
insect residue accretion and cleanability, may yield different results. For example,
cleanability testing indicating that surfaces with minimal residue accretion can
exhibit tenacious residue retention.

2.3.3 Durability

Identical to the durability assessment of coatings developed for ice mitigation
described in Sect. 2.2.4, coatings developed for insect residue mitigation will be
required to meet or exceed requirements based on environmental exposure, substrate
adhesion, and mechanical robustness. The durability assessment of materials devel-
oped for insect residue mitigation is described in Part III [6, 7]. For any material
developed for insect residue mitigation, durability and a determination of how
environmental exposure changes the insect residue accretion properties are critical
for integration into an operational environment.
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2.4 Part IV: Biofouling-Mitigation Coatings

Biofouling occurs in environments where water wets surfaces, including marine
systems, roofs, pipes, and heat exchangers. Part IV of this volume has two contri-
butions discussing the development of biofouling-mitigation coatings, with empha-
sis on applications to marine biofouling as the design space. A position paper is
provided describing a holistic approach involving coating development strategies
based on the life cycles of biofouling micro and macro organisms; business models;
regulatory frameworks; and health, safety, and environmental concerns [8]. In this
work, Rittschof describes how targeting the metamorphosis or transformation of a
macro-organism biofoulant, such as a barnacle, from its larval to juvenile stage leads
to a more environmentally benign approach with decreased use of less toxic
chemicals than the common approach of using long-lived, broad spectrum biocides
such as tributyltin-containing coatings. Also discussed is how this concept can be
used to disrupt the transduction cascade in microbes undergoing metamorphosis
from individual organisms to a complex, interdependent consortium. After describ-
ing the above mechanisms, Rittschof reviews methods for incorporating an anti-
fouling agent into a polymer coating , and describes an example of marine biofouling
mitigation that incorporates a biodegradable pharmacophore (chemical) that targets
micro- and macro-organism intermediate life cycle stages [8].

The paper by Baier et al. concentrates on the mechanism and development of an
abrasion-resistant, easy fouling-release, silicone-epoxy coating [9]. The methyl
silicone-based fraction of this material is continuously refreshed with minimum
wear at the environmental interface, while the epoxy component provides toughness
and adhesion to the coating substrate. This paper describes the physicochemical
characterization and comparative engineering performance test methods for abrasion
resistance and drag reduction used to evaluate the coating, and also comments on the
ability of the coating to reduce drag. Suggested applications where improved
durability from abrasion resistance is needed include ships operating in ice fields
or those that have frequent dockings, as well as large water intake grates and turbine
encasement seals present in power plant facilities.

3 Concluding Comments

This volume provides perspectives on the approaches, mechanisms, test methods,
durability considerations, and environmental concerns for contamination-mitigating
coatings and polymers, particularly for use in the more extreme aerospace and
marine environments. By juxtaposing ice, insect, and marine mitigation coatings,
researchers and users may more easily identify threads of similarity that might assist
in future developments and potential applications.

There are almost always multiple aspects in assessing the contaminant-mitigating
properties of a coating. For ice mitigation, low adhesion and ice accretion prevention
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are both important; for insect mitigation, low adhesion and residue cleanability are
both important; and for marine biofouling, low adhesion and an ability to kill the
organism during some point in its life cycle are important. More collaborative work
is needed in defining “best practices” and benchmarks, and in providing correlations
between different tests to evaluate coatings for adhesion and accretion mitigation in
each of these contamination-mitigation areas. Recognition is needed that there may
not be a universal benchmark and unique correlations in each area, but rather that
benchmarks and correlations may depend on the type of coating approach, such as
smooth hydrophobic, superhydrophobic, or liquid-infused porous surfaces. The
benchmark or correlations may also be specific to the application, such as
on-ground aircraft, in-flight aircraft, or off-shore Arctic structure ice mitigation.

Acknowledgments Many of the contributions in this volume originate from presentations given at
the 38th and 39th Annual Adhesion Society Meetings, held in 2015 and 2016 in Savannah, GA and
San Antonio, TX, respectively, in sessions on Natural Phenomena: Antifouling in Marine and
Aerospace Environment. The authors would like to acknowledge the encouragement of the
Adhesion Society in publishing these contributions in Advances in Polymer Science.

References

—

. Brassard J-D, Laforte C, Guerin F, Blackburn C (2017) Icephobicity: definition and measure-
ment regarding atmospheric icing. Adv Polym Sci. https://doi.org/10.1007/12_2017_36
2. FAA (2017) FAA holdover time guidelines winter 2017-2018
3. Vasilyeva A (2009) Aircraft deicing operations. Final project report for 1.231/16.781/ESD.224,
Airport Systems Planning & Design, Massachusetts Institute of Technology, http://ardent.mit.
edu/airports/ASP_exercises/2009%20reports/Aircraft%20Deicing %20V asilyeva.pdf.
Accessed 20 Oct 2017
4. Smith Jr JG, Robinson R, Loth E (2018) An overview of insect residue accretion and mitigation
strategies on aerodynamic surfaces. Adv Polym Sci. https://doi.org/10.1007/12_2018_44
5. Tang G, Yeong YH, Khudiakov M (2017) Ice release coatings of high durability for acrospace
applications. Adv Polym Sci. https://doi.org/10.1007/12_2017_39
6. Gross AF, Nowak AP, Sherman E, Ro C, Yang SS, Behroozi M, Rodriguez AR (2017) Insect
abatement on lubricious, low adhesion polymer coatings measured with an insect impact testing
system. Adv Polm Sci. https://doi.org/10.1007/12_2017_35
7. Gruenke S (2017) Requirements, test strategies and evaluation of anti-contamination and easy-
to-clean surfaces and new approaches for development. Adv Polm Sci. https://doi.org/10.1007/
12_2017_38
8. Rittschof D (2017) Candy and poisons: fouling management with pharmacophore coatings.
Adv Polm Sci. https://doi.org/10.1007/12_2017_34
9. Baier R, Ricotta M, Andolina V, Siraj F, Forsberg R, Meyer A (2017) Unique silicone-epoxy
coatings for both fouling- and drag-resistance in abrasive environments. Adv Polm Sci https://
doi.org/10.1007/12_2017_33
10. Shin D, Meredith JC (2017) Influence of topography on adhesion and bioadhesion. Adv Polm
Sci. https://doi.org/10.1007/12_2017_40
11. Erbil HY (2017) Use of liquid ad(ab)sorbing surfaces for anti-icing applications. Adv Polm Sci.
https://doi.org/10.1007/12_2017_41
12. Yeong YH, Sokhey J, Loth E (2017) Ice adhesion on Superhydrophobic coatings in an icing
wind tunnel. Adv Polm Sci. https://doi.org/10.1007/12_2017_32


http://ardent.mit.edu/airports/ASP_exercises/2009%20reports/Aircraft%20Deicing%20Vasilyeva.pdf
http://ardent.mit.edu/airports/ASP_exercises/2009%20reports/Aircraft%20Deicing%20Vasilyeva.pdf

Aerospace and Marine Environments as Design Spaces for. . . 15

13.

14.

15.

16.

17

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Rehfeld N, Stake A, Stenzel V (2017) Development and testing of Icephobic materials: lessons
learned from Fraunhofer IFAM. Adv Polm Sci. https://doi.org/10.1007/12_2017_37

Zhao J, Song, L, Ming W (2017) Antifogging and frost-resisting polymeric surfaces. Adv Polm
Sci. https://doi.org/10.1007/12_2017_42

Wohl CJ, Palmieri FL, Connell JW (2017) The physics of insect impact and residue expansion.
Adv Polm Sci. https://doi.org/10.1007/12_2018_45

Kok M, Tobin EF, Zikmund P, Raps D, Young TM (2017) Laboratory investigation into anti-
contamination coatings for mitigating insect contamination with application to laminar flow
technologies. Adv Polm Sci. https://doi.org/10.1007/12_2017_31

. Electronic Code of Federal Regulations (2018) Title 14 chapter 1 subchapter C part 25 appendix

C part I-atmospheric icing conditions (2018) https://www.ecfr.gov/cgi-bin/text-idx?
SID=86b29698088452b8675ee7c9ee789759&me=true&node=ap14.1.25_11801.c&
rgn=div9. Accessed 7 Jan 2018

Electronic Code of Federal Regulations (2018) Title 14 chapter 1 subchapter C part 25 appendix
O - supercooled large drop icing conditions (2018). https://www.ecfr.gov/cgi-bin/text-idx?
SID=aa82b4ebee20d2fa7b1587e7905fcb54&mc=true&node=ap14.1.25_11801.0&rgn=div9
Accessed 7 Jan 2018

Kreder MJ, Alvarenga J, Kim P, Aizenberg J (2016) Design of anti-icing surfaces: smooth,
textured or slippery? Nat Rev Mater 1:15003

Susoff M, Siegmann K, Pfaffenroth C, Hirayama M (2013) Evaluation of icephobic coatings -
screening of different coatings and influence of roughness. Appl Surf Sci 282:870-879

. Beisswenger A, Guy F, Laforte C (2010) Advances in ice adherence and accumulation

reduction testing at The Anti-Icing Materials International Laboratory (AMIL). Future Deicing
Technologies,  Berlin.  http://www.uqac.ca/amil/en/publications/presentations/2009-2011/
icephobic%20SAE%?202010.pdf. Accessed 23 Oct 2017

Dou R, Chen J, Zhang Y, Wang X, Cui D, Song Y, Jiang L, Wang J (2014) Anti-icing coating
with an aqueous lubricating layer. ACS Appl Mater Interfaces 2014(6):6998-7003
Beisswenger, A, Laforte, C (2008) Advances in ice adherence and accumulation reduction
testing at the Anti-Icing Materials International Laboratory (AMIL). SAE G-12 fluids subcom-
mittee meeting Warsaw, May 2008. http://www.uqac.ca/amil/en/publications/presentations/
2007-2008/icephobic%202008-Ab-01%20warsaw.pdf. Accessed 23 Oct 2017

Laforte C, Blackburn C, Perron J (2015) A review of icephobic coating performances over the
last decade. SAE technical paper 2015-01-2149, 2015. https://doi.org/10.4271/2015-01-2149
D&T Online (2017) Calculating forces in beams. http://wiki.dtonline.org/index.php/Calculat
ing_Forces_in_Beams. Accessed 30 Oct 2017

Middle East Technical University (2017) ME 410 experiment 6: characteristics of an Airfoil,
Fig. 2. http://www.me.metu.edu.tr/courses/me410/exp6/exp6.html. Accessed 31 Oct 2017
Scruton C, Rogers EWE (1971) II. Wind effects on buildings and other structures. Philos Trans
R Soc Lond A 269:353-383

Chen J, Liu J, He M, Li K, Cui D, Zhang Q, Zeng X, Zhang Y, Wang J, Song Y (2012)
Superhydrophobic surfaces cannot reduce ice adhesion. Appl Phys Lett 101:111603

Boluk Y (1996) Adhesion of freezing precipitates to aircraft surfaces. Transports Canada
publication TP 12860E, Transports Canada, Montreal

Cabler SIM (2006) Advisory circular: aircraft ice protection. FAA 20-73A. Accessed 16 Aug
2006

Uranga A, Drelay A, Greitzerz EM, Titchenerx NA, Lieu MK, Siu NM, Huangk AC, Gatlin
GM, Hannonyy JA (2014) Preliminary experimental assessment of the boundary layer ingestion
benefit for the D8 aircraft. In: Proceedings of 52nd AIAA aerospace sciences meeting, National
Harbor, MD, 13-17 Jan 2014

Kok M, Tobin EF, Zikmund P, Raps D, Young TM (2014) Laboratory testing of insect
contamination with application to laminar flow technologies, part I: variables affecting insect
impact dynamics. Aerosp Sci Technol 39:605-613


https://www.ecfr.gov/cgi-bin/text-idx?SID=86b29698088452b8675ee7c9ee789759&mc=true&node=ap14.1.25_11801.c&rgn=div9
https://www.ecfr.gov/cgi-bin/text-idx?SID=86b29698088452b8675ee7c9ee789759&mc=true&node=ap14.1.25_11801.c&rgn=div9
https://www.ecfr.gov/cgi-bin/text-idx?SID=86b29698088452b8675ee7c9ee789759&mc=true&node=ap14.1.25_11801.c&rgn=div9
https://www.ecfr.gov/cgi-bin/text-idx?SID=86b29698088452b8675ee7c9ee789759&mc=true&node=ap14.1.25_11801.c&rgn=div9
https://www.ecfr.gov/cgi-bin/text-idx?SID=86b29698088452b8675ee7c9ee789759&mc=true&node=ap14.1.25_11801.c&rgn=div9
https://www.ecfr.gov/cgi-bin/text-idx?SID=86b29698088452b8675ee7c9ee789759&mc=true&node=ap14.1.25_11801.c&rgn=div9
https://www.ecfr.gov/cgi-bin/text-idx?SID=86b29698088452b8675ee7c9ee789759&mc=true&node=ap14.1.25_11801.c&rgn=div9
https://www.ecfr.gov/cgi-bin/text-idx?SID=aa82b4ebee20d2fa7b1587e7905fcb54&mc=true&node=ap14.1.25_11801.o&rgn=div9
https://www.ecfr.gov/cgi-bin/text-idx?SID=aa82b4ebee20d2fa7b1587e7905fcb54&mc=true&node=ap14.1.25_11801.o&rgn=div9
https://www.ecfr.gov/cgi-bin/text-idx?SID=aa82b4ebee20d2fa7b1587e7905fcb54&mc=true&node=ap14.1.25_11801.o&rgn=div9
https://www.ecfr.gov/cgi-bin/text-idx?SID=aa82b4ebee20d2fa7b1587e7905fcb54&mc=true&node=ap14.1.25_11801.o&rgn=div9
https://www.ecfr.gov/cgi-bin/text-idx?SID=aa82b4ebee20d2fa7b1587e7905fcb54&mc=true&node=ap14.1.25_11801.o&rgn=div9
https://www.ecfr.gov/cgi-bin/text-idx?SID=aa82b4ebee20d2fa7b1587e7905fcb54&mc=true&node=ap14.1.25_11801.o&rgn=div9
http://www.uqac.ca/amil/en/publications/presentations/2009-2011/icephobic%20SAE%202010.pdf
http://www.uqac.ca/amil/en/publications/presentations/2009-2011/icephobic%20SAE%202010.pdf
http://www.uqac.ca/amil/en/publications/presentations/2007-2008/icephobic%202008-Ab-01%20warsaw.pdf
http://www.uqac.ca/amil/en/publications/presentations/2007-2008/icephobic%202008-Ab-01%20warsaw.pdf
https://doi.org/10.4271/2015-01-2149
http://wiki.dtonline.org/index.php/Calculating_Forces_in_Beams
http://wiki.dtonline.org/index.php/Calculating_Forces_in_Beams
http://www.me.metu.edu.tr/courses/me410/exp6/exp6.html

16

33.

34.

35.

D. H. Berry and C. J. Wohl

Wohl CJ, Smith Jr JG, Penner RK, Lorenzi TM, Lovell CS, Siochi EJ (2013) Evaluation of
commercially available materials to mitigate insect residue adhesion on wing leading edge
surfaces. Prog Org Coat 76:42-50

Krishnan KG, Milionis A, Tetteh F, Loth E (2017) Fruit fly impact on an aerodynamic surface:
types of outcomes and residue components. Aerosp Sci Technol 69:181-192
Microelectronics Heat Transfer Laboratory (1997) Fluid properties calculator. University of
Waterloo,  Waterloo.  http://www.mhtl.uwaterloo.ca/old/onlinetools/airprop/airprop.html.
Accessed 24 Oct 2017


http://www.mhtl.uwaterloo.ca/old/onlinetools/airprop/airprop.html

Part I
Application of Biomimetics to
Contamination-Mitigating Coatings



Adv Polym Sci (2019) 284: 19-50

DOI: 10.1007/12_2017_40

© Springer International Publishing AG 2018
Published online: 6 January 2018

Influence of Topography on Adhesion )
and Bioadhesion e

Donglee Shin and J. Carson Meredith

Abstract Nature, through evolution, has developed many different structured
adhesive systems to create strong and reliable adhesion on various substrates,
including those with rough or smooth surfaces under dry and wet conditions.
However, the details of the adhesive interactions of structured or roughened
surfaces are just beginning to be resolved. This chapter examines the physical
principles of dry and wet adhesion of structured surfaces from simple to complex
geometries. A particular emphasis is placed on bioadhesive systems that achieve an
impressive level of control over adhesion via fascinating structural features such as
fibrils and spines. The influence of surface morphology and roughness on adhesion
is also covered. Recent studies show that the attachment abilities of bioadhesive
systems are dramatically reduced below a critical roughness. Based on this and
other principles borrowed from nature, strategies can be pursued to create anti-
adhesive surfaces via manipulating the surface topography of the substrate.
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A Hamaker constant

a Contact area

b Slip length

C Coefficient in the atom-atom pair potential
D Separation distance

D, Cutoff separation distance

D, Separation distance (wet adhesion models)
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hy Thickness of liquid film

K Elastic modulus

ky Proportionality factor (Rabinovich’s model)
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1 Introduction

This chapter introduces the fundamentals of adhesion relevant to other chapters by
discussing the causes and prevention of accumulated insect residues and ice on
aircraft and biofouling constituents on marine surfaces. Using natural and
man-made examples, this contribution aims to review the effects of microscale
and nanoscale topography on adhesion, caused by the potential role of topography
in future solutions to the problems of residue accumulation. Nanostructured sur-
faces have been studied widely because of the fascinating functions they enable,
such as anti-wetting [1], anti-icing [2], water droplet harvesting [3] and mobiliza-
tion [4], photonic color [5], turbulent fluid drag reduction [6], and glueless adhesion
[7]. Although man-made approaches for these functions exist, each of these func-
tions is also naturally occurring. The surface structures of animals and plants have
evolved in many instances to confer specific functionalities that improve survival or
reproduction. For example, lotus leaves possess a superhydrophobic (water-
repellent) surface attributed to a hierarchical structure containing both micrometer-
and nanometer-scale features [8, 9] (Fig. 1a, b), and this function improves the
efficiency of photosynthesis by facilitating self-cleaning mechanisms. The micro-
patterned structures of hydrophobic and hydrophilic regions on the back of desert
beetles promote water condensation to collect water droplets from humid air [10]
(Fig. lc, d). Some butterflies use structural colors, created by controlling the
transport of light via photonic nanostructures, to produce vivid and bright wing
colors with low energy consumption [11] (Fig. le, f). The aligned riblet structures
on shark skin reduce the drag experienced by fast-swimming sharks in turbulent
flow [12] (Fig. 1g, h).

Many plants and animals have evolutionarily optimized surface structures that
create strong and functional adhesion for locomotion or transportation. For exam-
ple, the multi-branched structure of gecko foot hairs creates exceptionally strong
adhesion to enable climbing on both smooth and rough surfaces without an adhe-
sive secretion [13]. The hairy structures (200500 nm long and 15 nm thick) on the
gecko setae (30-130 pm long) allow the foot pads to create contact area sufficient to
sustain the gecko’s body weight, even on vertical walls. Tree frogs can adhere
strongly to wet and rough surfaces. The adhesive pads of tree frogs have hexagonal
cells (approximately 10 pm in diameter) separated by deep channels (1 pm wide)
filled with a mucus secretion. The microstructured channels are the paths for
distributing mucus over the whole contact area between the adhesive pad and a
contact surface, and the channels also work to drain water, enabling attachment on
water-coated surfaces [14]. Insects have both hairy and smooth adhesive pads
whose adhesion is mediated by thin layers of adhesive secretions [15]. The tip
radius of structures on the hairy adhesive pad are a size roughly ranging from 1 to
10 pm, and these can attach at multiple points to create a large contact area on a
rough surface [15, 16], similar to the action of the gecko setae. The smooth adhesive
pad, which is a “pillow-like” soft structure that consists of branching fibrils and the
outer cuticle layer [17], can also adapt to surface roughness features to create large



22 D. Shin and J. C. Meredith

Fig.1 (a) Water droplet on a lotus leaf CA = 152°. (Reproduced with permission from Hao et al.
[8].) (b) Scanning electron microscopy (SEM) image of the lotus leaf. (Reproduced with permis-
sion from Barthlott et al. [9].) (¢, d) Photograph and SEM image of the water-harvesting surface of
the desert beetle. (Reproduced with permission from Parker et al. [10].) (e, f) Photograph and SEM
image of distinctive iridescent blue color of the wings of Morpho butterfly. (Reproduced with
permission from Parker et al. [11].) (g, h) Cartoon and SEM image of the scale structure of shark
skin. (Reproduced with permission from Luo et al. [12].) Scale bars = 20 pm (b), 10 pm (d),
400 nm (f), and 50 pm (h)
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contact areas for strong adhesion. Pollens from different plant species display a
remarkable variety of ornamentations with unique size, shape, and density on their
exine (shell) surface. When pollens interact with a structured flower stigma, their
surface features cause pressure-sensitive adhesion mediated by mechanical
interlocking [18]. Pollen grains exhibiting structural ornamentations have been
shown to adhere strongly to the stigma surfaces within the same botanical family
[19], which is thought to facilitate reproduction.

In addition to these examples of natural adhesive structures, examples exist in
nature of anti-adhesive and slippery surfaces as well. A prominent example is the
pitcher plant Nepenthes alata, which possesses both anti-adhesive cuticular wax
surfaces [20] and a slippery peristome consisting of grooved structures that are
continuously wetted by water in humid environments [21]. Whereas the waxy
cuticle reduces normal adhesion forces of insects such as ants, the wetted peristome
presents a lubricated low-shear interface, on which insects slide into the pitcher
where they are digested. The lubricant infusion of Nepenthes has inspired the
engineering of synthetic lubricant—infused surfaces that promote sliding and resist
attachment of particles, ice, and other contaminants [22, 23]. Another example of
anti-adhesive structures is the riblets of shark skin (Fig. 1h), which have been
mimicked by surface wrinkling to produce biofouling resistance [24].

Numerous researchers have studied the adhesion mechanisms of simple geom-
etries, such as plane-plane, sphere-sphere, cone-cone, sphere-plane, sphere-
cylinder, and cone-plane over the past several decades [25-31]. Based on this
background knowledge, studies of the influence of geometry on adhesion have
more recently expanded to treat surfaces with complex fine features. The investi-
gation of bioadhesion, such as in the examples mentioned above, has been an
important part of an emerging understanding of the effects of microscale and
nanoscale topography on adhesion. Herein, we discuss the basic physical principles
of adhesion with simple geometric models as the adhesion of complex structured
surfaces is also based on the same physical principles. These include van der Waals
(vdW), capillary, and viscous forces (Sect. 2). Then we discuss how different
surface geometries (hairy, smooth, and echinate) affect adhesive mechanisms and
focus on the dependence of bioadhesion on substrate structure (Sect. 3). We also
review recent efforts to produce anti-adhesive surfaces based on surface topography
designed from natural adhesive phenomena (Sect. 4). Because of the primary
importance of wet adhesion — adhesion between solids that is mediated by liquids
—1in the problems of aircraft and marine surface bioadhesion, this review focuses in
particular on the static and dynamic contributions of capillary forces to adhesion.
As a result, we do not consider in detail the contributions of dynamics in deform-
able bodies on solid adhesion, such as the role of shear forces in soft solid—solid
adhesion. However, these are significant in many soft biological adhesion systems,
and there are excellent recent reviews available on this topic [32-34]. By examining
adhesion fundamentals as well as examples taken from natural systems, we hope to
motivate thoughts about how aircraft or marine surface features could be designed
to prevent or mitigate adhesion of contaminants (Fig. 2).



24 D. Shin and J. C. Meredith

Fig. 2 SEM image of
pitcher plant N. alata
peristome surface (p),
showing the first- (r;) and
second-order radial ridges,
extrafloral nectaries (n), and
waxy inner wall surface (w).
Reproduced with
permission from Bauer et al.
[21]

2 Physical Principles of Adhesion

A practical question that this volume seeks to address is how aircraft and marine
surfaces can be designed to minimize adhesion in extreme environments. It is
important to begin by defining the concepts. Adhesion refers to the energy or
work required to separate two surfaces that are already in contact. Although events
that occur during the impact of insects with aircraft are important in determining the
contact area, and are discussed in detail elsewhere in this volume [35], we consider
adhesion here to be the resistance to surface separation after contact is established.
A separate, but related topic is that of surface friction, which displays itself in
perceived properties of surface slipperiness. Slippery surfaces often also exhibit
low adhesion, but strictly speaking they are not always correlated. Friction relates to
the lateral forces occurring when contacting surfaces are moved parallel to one
another (shearing), whereas adhesion relates to the movement of surfaces away
(normal direction) from one another. The fascinating behavior of slippery surfaces
in nature has been the subject of recent work, such as the lubricated surfaces of the
pitcher plant [23, 36], and this behavior can undermine initial adhesive contact by
promoting sliding.

Animals and plants utilize transitory (nonpermanent) adhesive force for trans-
port and locomotion [37, 38], and this temporary adhesion is strongly affected by
the topography of the adhesive surface. Adhesive mechanisms related to transitory
bioadhesion can be classified roughly into two categories: (1) dry adhesion based on
intermolecular forces and (2) wet adhesion based on liquid-mediated static and
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dynamic capillary forces. These mechanisms are also operative in synthetic adhe-
sives in manmade materials, such as pressure-sensitive adhesives [39], latex paints
[40], ink toner, and powder coatings [41]. In this section we discuss the physical
principles of both dry and wet adhesive mechanisms with representative simple
geometry models.

These adhesion fundamentals relate to the problem of biological residue accu-
mulation in extreme environments in a number of ways. After insect impact on
aircraft, the adhesion of hemolymph is expected to be governed initially by a
combination of capillary static and dynamic forces that resist removal from the
surface. As hemolymph gels and solidifies, adhesion becomes dominated by dry
adhesive forces that are likely controlled by vdW and specific noncovalent inter-
actions with the aircraft surfaces. Adhesion of other solid contaminants on aircraft
(including ice) surfaces varies between these dry and wet mechanisms depending
on the presence of a wetting fluid that may form capillary bridges between the solid
surfaces. Of course, it is expected that adhesion of biological fluids or solids,
including those of living animals such as diatoms, mussels, or barnacles, on marine
underwater surfaces may involve vdW forces, specific interactions, covalent bond-
ing, and capillarity, as well as mechanical contributions from shearing and
viscoelasticity.

In general, the adhesive force of neutral surfaces in a ‘dry’ atmosphere, such as
nitrogen or vacuum, is comprised of vdW interactions, and hydrogen, covalent, or
metallic bonds [42]. The energy of vdW interactions is normally much smaller than
covalent or hydrogen bonds. However, the vdW interaction plays a prominent role
in determining the attractive force magnitude of surfaces and colloids because the
vdW interaction has a longer range (0.2—-10 nm) than the other inter- or intramo-
lecular bonding (covalent, hydrogen, and metallic bonding) scales (normally
0.1-0.2 nm) [43]. Even though there is no universal model that accounts for the
influence of all contributions (e.g., elastic moduli, surface energy, temperature,
relative humidity, and Hamaker constant) on vdW interactions, the following
adhesion models for simple geometry help us to understand the physical principles
of dry adhesion. Common classical models to estimate the adhesion force between
two elastic spheres (or sphere and planar surfaces) originated from Hertzian theory
[44]. In 1882 Heinrich Hertz developed a model for the contact area (a) of two
elastic spheres (of radii R and R, with elastic moduli K) with external loading force

(F) [43]:
FR 1/3
= (%) W
where R = Rle/(Rl + R2)

In Hertzian theory, the intermolecular attraction between contact surfaces was
ignored, so the contact area is apparently zero when there is no (or negative)
external load. In 1971, Johnson, Kendall, and Roberts (JKR) developed a theory
to estimate the adhesion between two solid surfaces [45]. They observed that the
experimentally measured contact areas were larger than values estimated by Hertz
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theory, and they confirmed that the solid surfaces still adhered under zero or small
negative external loading force. They proposed that the surface interaction affects
both deformed shape and overall loading force, which is represented by the sum of
the external loading force and adhesion of the surfaces. The deformed contact area
was derived as follows [46]:

3 _R 2\ /2
@ = F+3ﬂWmR4—0mWQRF+—6anR)> , 2)

where F is external load and W, is work of adhesion, which is the work done in
separating a unit area of the interface. For a sphere (radius of sphere, Ry = R;) on a
flat surface (R, = o), the adhesion or pull-off force can be derived as [47]

3
Fixr = EﬂRsWII (3)
Unlike the JKR case, Derjaguin, Muller, and Toporov (DMT) assumed that the
shape of the contacting surfaces is not affected by surface intermolecular interac-
tions [48]. Therefore, the deformed contact area could be derived as [46]

R
f:Ew+%M£) (4)
and adhesion or pull-off force of a sphere on a flat surface can be derived as [47]

Fopmr = 22RW 15. (5)

The JKR and DMT models consider the deformation of the contact area, but
neither model accounts for the influence of separation distance on adhesion. When
the contact surfaces have roughness or geometrical features, the assumption of
complete contact is no longer valid and the separation distance of the surfaces must
be considered [49]. The separation distance is the most significant factor defining
adhesive force magnitude in the nonretarded region (separation distance less than
5 nm) [43]. Therefore, the adhesion models for rough or structured surfaces often
use the Hamaker approach as a starting point. Hamaker proposed that the adhesion
between particles and surfaces can be estimated by the integration of the vdW pair
potential between all atoms in one body and all atoms in the other body [25]. In his
study, the vdW interaction between a sphere and a flat surface was derived as

A 2 1 2 1
Fuw =g (2— 5 - == - — ), (6)
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where A3, is the material-dependent nonretarded Hamaker constant, which repre-
sents the magnitude of interaction of the two interacting bodies (1 and 2) consisting
of atoms with induced dipoles across a medium (3). The Hamaker constant can be
determined by [43]
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A= ”2CP1P2, (7)

where p; and p, are the number of atoms in a unit volume of the two bodies (1 and
2), and C is the coefficient in the atom-atom pair potential. The x in (6) represents
the ratio between the contact radius (R.) and half of the cutoff separation distance
(Dy), which is the predicted separation distance of contacting surfaces. (Some
references approximate the cutoff distance at around 0.3-0.4 nm [49, 50], but
others evaluate it as 0.165 nm [13, 43].) Equation (6) can be simplified to (8) in
the limit of x << 1 [43]:

AR,
6D?

Fygw = P (8)
where D is separation distance.

It is well-known that the surface pattern and roughness reduce the adhesion
between surfaces or a spherical particle and a planar surface [51, 52]. Rumpf’s
model is a common and simple model based on Hamaker’s approach to consider the
effect of nanoscale surface roughness on adhesion [53]. This model estimates the
adhesion between a large spherical particle (radius Ry s) and a flat surface covered
with small hemispherical asperities (radius r), and normal alignment of the center of
the particle and asperity is assumed (Fig. 3a). Rumpf’s model consists of two terms
as shown in the following formula [53]:

A | MRis Ryis
T :
0 (1+%)
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where Dy is the cutoff distance. The first term represents the adhesion between the
particle and hemispherical asperity in contact. The second term represents the
“noncontact” attractive interaction between the particle and flat surface where
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Fig. 3 Schematic illustration of the geometry proposed by: (a) Rumpf et al. [53]; (b) Rabinovich
et al. [50]
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separation distance is the radius of the hemispherical asperities. Rabinovich et al.
found that Rumpf’s model is not accurate in real systems with low roughness
surface as it requires the center of a small hemisphere to be at the surface as
shown in Fig. 3a [50]. In many real systems the center is located below the surface,
and multiple surface asperities have contact with the large spherical particle. They
proposed the approximation of this case with root-mean-square (rms) roughness
and peak-to-peak distance (1) (Fig. 3b) as shown in the following [50]:

AR 1 1
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where k; is a proportionality factor determined to be 1.817. In conventional
adhesion and bioadhesion, surfaces can display surface roughness with a wide
variety of structures and shapes, but the previous dry adhesion models are limited
because of assumptions made about the shape or distribution of asperities. Recent
dry adhesion models represent attempts to account for the interaction of complex
contact shapes [16, 54], asymmetric structures [55], multiple contacts [56], and
mechanical interlocking [57].

2.1 Wet Adhesion

In practical industrial and natural applications, wet adhesion is common. Strong wet
adhesion driven by water condensation or by the presence of thin liquid lubricant on
the contact surfaces is a critical issue in operation of fine-scale devices, including
atomic force microscopy, magnetic storage devices, and fuel injectors [58]. For
locomotion of animals, liquid secretions can create a larger contact area on a rough
surface, compared to a dry surface because of strong capillary forces [59]. The
mediating liquid can increase contact between the adhesive pad and a rough surface
by filling the gaps between the pad and the surface. This is a topic of relevance to
surface contamination in aerospace and marine applications, including biofouling,
insect residue adhesion during hemolymph curing, and in-flight icing. The wet
adhesion force can be split into two main components, capillary (meniscus) and
viscous forces [60], as shown in (11):

FWet adhesion — FCapilla.w force T FViscous force - ( 1 1)

The vdW interaction may dominate wet adhesion in the case of very thin films
(less than 10 nm), but its contribution is in most cases smaller than the capillary or
viscous force. These forces are likely to be important in insect residues adhesion
post-impact, that is, to prevent the residues from being driven off the surface by
drag forces. The contribution of these primary components to wet adhesion can be



Influence of Topography on Adhesion and Bioadhesion 29

determined by considering the meniscus curvatures, dynamics, and viscosity of
liquid films [58].

The capillary force is caused by a liquid meniscus (bridge) between two sepa-
rated surfaces, and the curvature of the liquid meniscus is characterized by two
radii, the azimuthal radius (/,) and the meridional radius (7,,), shown in Fig. 4. The
total capillary force between a sphere (radius, R,,) and a flat surface is defined as the
summation of the surface tension and Laplace pressure contributions as shown in
the following equation for a symmetric contact angle [58, 61]:

FCapillary force = APQ + 277,'RW]/ sin ¢ sin (¢ + 0), (12)

where Q is the meniscus area, ¢ is the filling angle, @ is the contact angle, y is the
surface tension of the liquid, and AP is Laplace pressure, estimated by the Young—

Laplace equation:
1 1
AP =y(———]. 13
Y ( B rm> (13)

The Young—Laplace equation describes the capillary pressure difference
between two static phases. The surface tension and Laplace pressure forces explain
the static contribution of the capillary liquid bridges to wet adhesion, but neither
expression has dynamic terms. The contribution of hydrodynamic response can be
estimated by a viscous force model, often called “Stefan adhesion” [60]. The
viscous term of wet adhesion is a significant component of the wet adhesion
mediated by highly viscous liquid capillary bridges, but it can also dominate for
liquids of modest viscosity at high shear rate [62]. The viscous force acting on a
sphere and a flat surface connected by a capillary bridge (Fig. 4) can be approxi-
mated by (14) [58]:

L

Fig. 4 Schematic of a meniscus bridge present at the interface between a sphere and a plane
surface
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Rough Surface

Smooth Surface

Liquid thin film Contacting asperity C Near-Contacting asperity

Fig. 5 Schematic of a liquid meniscus when: (a) H > rq; (b) H < r;. (¢) Schematic for a rough
surface in contact with a flat surface coated by a thin liquid film

2
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where 7 is the viscosity, D,, is the distance between a sphere and a flat surface, R, is
the radius of the spheres, H,, is the meniscus height, and dD,,/dt is the separation
rate. The total wet adhesion between a sphere and a flat surface can be estimated by
the summation of (12) and (14).

The previous capillary (12) and viscous (14) force models are commonly used to
estimate wet adhesion of a sphere and planar surface for simplicity, but the models
fail to estimate accurately the wet adhesion for rough and patterned surfaces
[63]. The topographical effect on capillary force is strongly dependent on the height
of the liquid meniscus (the thickness of liquid) as shown in Fig. 5. When the
meniscus height is greater than the hemispherical asperity as shown in Fig. 5a
(H > ry), the contact line and the curvatures of the meniscus are determined by the
larger separation distance H. The previous (12) (sphere and flat surface model) is
still valid as long as the increased separation distance is accounted for. However,
when meniscus height is smaller than the hemispherical asperity (Fig. 5b), the wet
adhesion model between two spheres (a large sphere and a small hemisphere)
should be considered. The capillary force for interaction between two spheres
was studied by Willett et al. [64] and Rabinovich et al. [65]. For multiple asperity
contacts, Bhushan proposed a capillary force model of a randomly rough surface in
contact with a smooth surface with a continuous liquid film as shown in Fig. 5c
[66]. Both contacting and near-contacting asperities have a liquid meniscus, peak
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radii (of the asperities) are assumed constant, and peak heights are assumed to
follow a Gaussian distribution. By the summation of the wet adhesion on the
asperities, the total wet adhesion of the surface is given as

X

FCapillary force = 277:pr[(1 =+ cos QI)N/ p(Z)dZ, (15)
d—h[

where N is the total number of liquid bridges, R,, is the mean peak radius, y; is the
liquid surface tension, 6, is the contact angle of the liquid in contact with the rough
surface, d is the interplanar separation [62], /4, is the thickness of liquid film, and p
(z) is the peak height distribution function.

The viscous force acting between a sphere and a flat surface is generated by
hydrodynamic drainage of liquid in the gap separating the surfaces. The surface
topography affects the viscous force magnitude by creating slip or partial slip
boundary conditions [67]. Remarkable hydrodynamic force reduction has been
observed in capillaries on nanostructured surfaces [68, 69], such as structured
superhydrophobic surfaces. The reduction is commonly explained by the slip
boundary of liquid on trapped air pockets [70]. The classical viscous model (14)
originates from Reynolds’ lubrication theory with nonslip boundary conditions.
Vinogradova initially proposed using a multiplying factor (f*) to correct for the
effect of a partial slip boundary, assuming creeping flow and the same slip length
b for both surfaces [71]:

« Dy D, 6b

In practice, it is still challenging to estimate precisely the effective slip length
because it is dependent on multiple factors, such as wettability, surface structure,
and rheological properties of the liquid. However, recent studies have made mean-
ingful progress in understanding the influence of diverse surface structures on
boundary conditions of the viscous force model [72, 73].

3 Influence of Surface Geometry on Bioadhesion

The evolutionarily-adapted surfaces of animals and plants show how nature utilizes
structure for functional adhesion. For example, the adhesive pads of animals
support body weight on varying surfaces, such as smooth or rough, hydrophilic or
hydrophobic, and clean or contaminated [74]. The structured adhesive pads and/or
secretions both function critically to create strong but reversible adhesion for
locomotion [38]. Plants also use structural surfaces and bioadhesives. For example,
pollen grains use complex surface asperities and an adhesive liquid coating to
facilitate transfer from anthers to pollinators, and from pollinators to stigmas
[18, 75, 76]. In this section we discuss adhesive functional morphology in nature,
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focusing on geckos, insects, tree frogs, and pollens. We also introduce experimental
studies of the influence of structure on dry and wet adhesion, including the complex
interactions of structure with surface roughness. It is hoped that lessons based on
the evolved designs of nature can be applied to the prevention of adhesion in the
extreme environments of aerospace and marine surfaces.

3.1 Functional Morphology of Bioadhesive Surfaces
3.1.1 Fibrillar Structure

It has been suggested that the adhesion of fibrillar structures on rough surfaces can
be stronger than smooth surfaces [47] because fibrils with small effective elastic
modulus can adapt to rough surfaces to increase contact area. Fine-scale hairs, with
tip size less than the opposing surface roughness, can adapt to surface features,
producing low strains on the hairs, increasing the fibrils total contact area [77]. In
addition, it is well-known that the detachment of multifibrillar contacts requires
more work than required to hold continuous contact [78], because the stored energy
in a peeling fibril is not available for the detachment of the next fibril [47]. There-
fore, many animals, from tiny mites to geckos and some mammals, take advantage
of fibrillar adhesive pads to achieve strong adhesion on both smooth and rough
surfaces.

In nature, the bioadhesive mechanism of hairy surfaces can be classified as dry
or wet adhesion. Using a scaling analysis from mites to geckos, Gorb discussed the
dependence of contact density on body mass [38]. He suggested that heavier
animals, such as geckos and spiders, rely more on dry adhesion, and these animals
tend to have compactly packed small fibrillar ends to create large peeling lines for
strong adhesion [79]. However, recent studies claim that the total pad area of
fibrillar systems is a main contributor to strong dry adhesion, not the high density
of the fibrillar ends [80, 81].

Autumn et al. claimed that molecular vdW interactions are the dominant attrac-
tive force for gecko adhesion, as gecko adhesion was not affected by the hydro-
phobicity of the surface [13, 82]. Most gecko feet have hierarchical fibrillar
structures consisting of lamellae, setae, branches, and spatulae [83], as shown in
Fig. 6a—c. The second level of the hierarchy, consisting of the fibrillar ‘setae’ (ST in
Fig. 6b), is typically 30-130 pm long and 5-10 pm in diameter, and the density is
about 14,000 setae/mm”. In many species these setae are split into multiple
branches (BR in Fig. 6b, ¢) which are 20-30 pm long and 1-2 pm wide. Most
setae terminate into 100-1,000 spatulae (SP in Fig. 6¢) with a diameter of
0.1-0.2 pm [83]. To create strong adhesion, the fibrillar structures should be
mechanically soft to achieve a large number of contacting hairs with low strains.
However, if the hairs are too soft, they are intricately entangled, and adhesion is
reduced significantly. The hierarchical structure is a solution to this problem.
Hierarchical structures, such as lamellae and setae, provide the mechanical stability
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Fig. 6 (a—c) The hierarchical structure of Gekko gecko adhesive pads: (a) photograph of gecko
toe; (b, ¢) scanning electron microscopy (SEM) images of branch (BR), seta (ST), and spatula
(SP) in the adhesive pad of geckos. (Reproduced with permission from Gao et al. [84].) (d—f) The
adhesive pad structure of a male dock beetle (G. viridula): (d, e) SEM images of the adhesive pad
(Cl, claws; Ta, tarsal segments); (f) visualized contact area of the beetle adhesive pad with glass
via epi-illumination. (Reproduced with permission from Bullock et al. [85].) Scale bars = 20 pm
(b), 5 pm (c¢), 250 pm (d), 100 pm (e), and 100 pm (f)

attributed to relatively high modulus and thick diameter structures, whereas lower
level hierarchy, such as branches and spatulae, provide compliance and adaptability
to roughness [38, 86]. Another significant feature of gecko adhesion is the asym-
metrical structure (slope) of the setae. When setae are attached on a surface, they
are not vertical but tilted with respect to the surface, and that is the reason why the
pull-off force of a single seta is strongly dependent on orientation [13]. It was
observed that adhesion of a single seta was enhanced by more than an order of
magnitude when the pulling angle was reduced from 90° to 30° [38, 87]. This result
indicates that the asymmetrical structure of the setae plays a significant role in
achieving reversible adhesion, which can be easily switched between attachment
and detachment for locomotion.

Insects with fibrillar adhesive pads, such as reduviid bugs, flies, and beetles,
utilize liquid adhesive secretions to increase attachment force [59]. Unlike geckos,
the insects don’t have complex hierarchical structures, and the setae of most insects
end in a single and relatively large spatula (the areas of terminal contact of beetles
and flies are larger than 1 pm?) as shown in Fig. 6d—f. To increase the contact area
of the large spatulae on a rough surface, insects fill the gap between the spatula and
surface with a liquid adhesive secretion. It was observed that the adhesion of insect
pads was reduced significantly by organic solvent washing [88], and insufficient
adhesive forces were recorded when beetles were tested on a liquid-absorbing
nanoporous substrate [§9]. Those studies show that the force magnitude of overall
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adhesion relies strongly on the capillary adhesion of the liquid bridges. In addition,
the fibrillar structure allows multiple liquid bridges, which can produce a stronger
total capillary force than a single liquid bridge with equal total liquid volume [90].

The contact geometries strongly affect the adhesive functions of the fibrillar
adhesive pad [16, 91]. Mushroom- and spatula-shaped elements are commonly
observed contact geometries in nature and are strongly related to the duration of
adhesion [92]. Spatula-shaped elements require a shear force to generate adhesion,
and these terminal elements are useful for short-term dynamic adhesion during fast
locomotion because the contact can be easily detached by peeling within a few
milliseconds. By contrast, the mushroom-shaped terminal elements are more suit-
able for creating long-term adhesion. These elements do not require external
applied shear forces, and a relatively higher pull-off force is required to rupture
the contact.

3.1.2 Smooth Structure

Smooth adhesive pads are observed from diverse animals such as ants, bees, stick
insects, grasshoppers, tree frogs, and arboreal possums [93]. As mentioned before,
unlike fibrillary adhesive systems, continuous surfaces cannot make a large number
of contacts that adapt to the geometry of a rough surface. Thus, animals with
smooth adhesive pads have developed strategies to overcome this limitation. One
adaptation is the soft mechanical properties of the smooth adhesive pads, which
have high deformability to adapt a larger contact area on rough surfaces. For
example, the reported effective elastic modulus of the adhesive pad of tree frogs
is in the range of 4-25 kPa [94], and it is one of the softest biological structures.
Smooth pads have an ultrastructure consisting of cuticular rods (insects) [17] or
hexagonal epithelial cells (tree frogs) [14], and the fine structures of the pads allow
close contact with low strain on rough surfaces. All known smooth adhesive pads
utilize thin liquid films, such as watery mucus of tree frogs, multi-phase adhesive
secretion of insects, and sweat of arboreal possums, to fill the gap between the pads
and substrates, and this liquid film helps to create a large contact area on rough
surfaces.

Tree frogs are well-known heavy body mass amphibians that utilize smooth
adhesive pads. The details of the adhesive mechanism still remain elusive, but it
was found that the physical properties and surface structures of the smooth adhesive
pad have a critical role in attachment on vertical and overhanging surfaces
[95]. These adhesive pads (Fig. 7a) consist of regular hexagonal epithelial cells
(10-15 pm) (Fig. 7b) separated by watery mucus-filled channels (1 pm wide). Each
cell consists of densely-packed nanopillars (Fig. 7c) that are 300400 nm in
diameter with a concave end [96]. The thin intervening watery mucus layer between
the pad and surface forms an essential part of wet adhesion. The capillary force
generated by a liquid bridge around the edge of the pad, and the viscous force
generated over the whole contact area, strongly contribute to the adhesion of tree
frogs [96]. The channel structure on the pad surface works to distribute fluid across
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Fig.7 (a—c) Scanning electron microscopy (SEM) images of tree fog (Litoria caerulea) adhesive
pad: (a) toe pad; (b) hexagonal epithelial cell; (c) densely packed nanopillars. (Reproduced with
permission from Scholz et al. [96].) (d—f) SEM images of Indian stick insect (C. morosus) adhesive
pad: (d) front view of tarsal segments (Cl, claws; Eu, euplantulae; Ar, arolium); (e) the distal
adhesive pad (reproduced with permission from Bullock et al. [85]); (f) cross-section view of the
distal adhesive pad within the smooth cuticle layer (branching fibrils oriented almost perpendicular
to the contact surface) (reproduced with permission from Dirks et al. [17]). Scale bars = 100 pm
(a), 10 pm (b), 5 pm (c), 1,000 pm (d), 200 pm (e), and 20 pm (f)

the pad, similar to, for example, a tire tread, which allows for rapid drainage of
liquid. The structured adhesive pad maintains an extremely thin liquid film for
strong wet adhesion in air, and allows for the close contact of the pad with the
surface under wet conditions [14]. Recently, the smooth pad morphology of torrent
frogs, which are able to climb a vertical surface covered by flowing water, have
been under investigation [97, 98]. It is proposed that the straight channels between
elongated cells can accelerate drainage rate of excess fluid underneath the pad.
Many insects with smooth adhesive pads also utilize wet adhesion of the
adhesive secretion as do the insects with fibrillar pads. The smooth pads (Fig. 7d)
of the insects are a “pillow-like” soft structure (Fig. 7e) that consist of branching
fibrils (Fig. 7f) oriented perpendicular to the surface within an outer cuticle layer
[17]. This internal fibrous structure helps to increase adaptability to surface rough-
ness, and it can be used to facilitate manipulation of the pad contact area via
proximal pulling by the insects. It is not well-understood how the presence of a
continuous liquid film between a smooth pad and substrate can create strong static
attachment ability on a vertical surface. Dirks et al. suggested that the two-phase
emulsion structure of the pad secretion could prevent insects from slipping
[99]. The hydrophobic droplets dispersed in a watery continuous phase could
impart viscous and non-Newtonian (shear thinning) properties to the secretion for
maximizing dynamic wet adhesion. Simple wet adhesion models, considering the
contribution of the capillary and viscous forces, are often used to explain insect
adhesion. However, for a more accurate representation, models should be expanded
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to include the contribution of both the pad mechanical properties and viscous
properties of the liquid adhesive. One recent study shows that the elastic deforma-
tion of the adhesive pad likely dominates the mechanical response when the
adhesive secretions of animal are confined between elastic solids [33], and the
authors utilize a fracture mechanics approach to estimate the adhesive mechanism
of insects with the smooth adhesive pad.

3.1.3 Echinate Structure

Echinate structures normally have a limited contact area on hard and smooth
surfaces because the adhesive force relies on the interaction between a few
contacting tips of spines and a hard surface [100]. However, when the substrate is
a soft or a fibrillar/hairy surface, the spiny structures can create unexpectedly strong
adhesion by penetrating the surface and/or creating mechanical interlocking
[18]. Adhesion associated with penetration is much harder to explain with simple
models of dry or wet adhesion, and fibrillar or smooth structures, so the details of
the comprehensive mechanism still remain elusive.

Strong and tailored adhesion based on surface topography has a significant role
in the active locomotion of animals, but it is also essential for the passive transport
of plant pollens and seeds. Pollens are one example to show how the size and shape
of nanoscale features can be utilized for adhering selectively to specific surfaces
[19]. The surface of some flowering pollens consists of a structured exine, which
interacts with pollinators and stigmas, and the exine is often covered by a viscous
liquid coating, pollenkitt [101]. It is known that the adhesion of pollens to the
stigma of the same species or family is often much stronger than to another species,
suggesting a physically-specific adhesion [102, 103]. For instance, the adhesive
force magnitude of pollens from Asteraceae (sunflower) and Oleaceae (olive)
families on stigma from Asteraceae was directly measured by AFM. The results
showed that the echinate (spiny) structure of sunflower pollens strongly affects the
adhesive mechanism of the pollen—stigma interaction on Asteraceae but not
Oleaceae [18].

The sunflower pollen particle (Fig. 8a) has a spherical core body (30 & 4 pm in
diameter) with 1.5-2 pm-long spines, as shown in Fig. 8d. Structurally-derived
load-dependent adhesion was attributed to the interlocking between the conical
spines on the pollen surface and the stigma’s receptive papillae (Fig. 8a). Previ-
ously, it was reported that the main contribution of the selective pollen—stigma
interaction was dry adhesion (vdW interaction), as no significant difference of force
magnitude was observed when the viscous liquid (pollenkitt) on the pollen surfaces
was washed by organic solvents [19]. However, it is hard to generalize this
observation because different species of pollen carry different amounts of
pollenkitt. The contribution of the wet adhesive force attributed to pollenkitt
seems to be comparable to the contribution of dry adhesion when pollens are coated
with a sufficient amount (more than 30 wt% of innate pollens) of pollenkitt
[76]. Moreover, it was shown that adhesion between unpurified pollens (coated
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Fig. 8 Scanning electron microscopy (SEM) images of sunflower (Helianthus annuus) pollen on
the stigma (a) and spiny structures on the sunflower pollen (d). (Reproduced from Lin et al. [18]
with permission from Royal Society of Chemistry.) SEM images of the tip of a North American
porcupine quill (b) and microstructures (barbs) on the tip (e). (Reproduced with permission from
Cho et al. [104].) SEM images of stinger of honeybee (Apis cerana cerana) (c¢) and the tip of
stinger and barbs near tip (f). (Reproduced with permission from Ling et al. [105].) Scale
bars =5 pm (a), 100 pm (b), 200 pm (c), 500 nm (d), 20 pm (e), and 10 pm (f)

with pollenkitt) and stigma-mimetic polymer surfaces had more than doubled
adhesive magnitude when compared to purified pollens. In addition, the selective
interaction between pollens and stigmas from the same botanical families was also
observed when liquid pollenkitt wetted the surfaces [18].

In nature, many animals and plants utilize spiny features to protect themselves
from natural predators, and these features can produce adhesion by penetration into
tissue. North American porcupines utilize micro-structured barbs (Fig. 8b, e) on the
tip of their specialized quills [104]. The conical shape of the tip is covered by a layer
of backward-facing micro-structured barbs, which are 100-120 pm long and
35-45 pm wide (Fig. 8e). Compared with barbless quills, structured quills required
54% less loading force to penetrate into tissue, but required about four times larger
pull-out force to be detached from the tissue surface. This suggests that the high-
stress concentration near the barbs reduces the required force to deform the tissue
around the tip of the quill, and the enhanced adhesion is attributed to the mechanical
interlocking between barbs and tissue [104]. Micro-structured barbs (Fig. 8c, f) are
also observed from the stingers of honeybees and paper wasps [106]. Different
shapes of barbs are observed from those two animals, and the shape and size of the
barbs strongly affect the penetration, extraction and the repeatable usage of their
stingers. Similar mechanical interlocking adhesion on tissue surfaces is also
observed in spiny-headed worms, such as Pomphorhynchus laevis [107]. This
endoparasitic worm utilizes a barbed proboscis, which is swollen after embedding
into the soft tissue of its host, to create strong adhesion.
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3.2 Bioadhesion on Rough Surfaces

It is well-known that surface roughness reduces adhesion between relatively dry
surfaces because the actual contact area is strongly affected by the surface topog-
raphy [51, 52]. To achieve close contact on a rough surface, two different types of
adhesive pads, which are smooth and fibrillar in structure, are utilized by animals,
as discussed in Sect. 3.1. However, the roughness adaptability efficiency of adhe-
sive pads can differ significantly. For example, when the scale of the surface
asperity of a rough surface is smaller than the dimensions of the spatulae of the
fibrillar system, only partial contact formation between the spatula and the surface
is achieved [77]. Additional energy (loading energy) is required to achieve a close
contact between a smooth pad and rough surface because the deformation of the pad
surface is needed, and the required energy becomes maximized at an intermediate
level of surface roughness [108]. Therefore, the attachment ability of adhesive pads
is strongly dependent on surface roughness as shown in Fig. 9, and attachment
ability is dramatically reduced near a particular scale of roughness, called the
critical roughness [77, 109, 110].

Fibrillar Adhesive Pad Smooth Adhesive Pad

a
tact A

Smooth or Low Level of Roughness

rirdd e

Intermediate (Critical) Roughness

AN

High Level of Roughness

Fig. 9 Diagram explaining the influence of surface roughness on the roughness adaptability of
fibrillar and smooth adhesive systems. (a) Large contact area on a smooth surface. (b) Partial
contact formation on surface with critical roughness. (¢) Roughness adaptability on a surface with
a high roughness
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When fibrillar adhesive structure is utilized by animals such as geckos, spiders,
flies, and beetles to generate strong adhesion on rough surfaces, the dimension of
the fibrils is a crucial factor for creating surface adaptability. For example, the
length of adhesive hairs should be sufficient to deform around large asperities and
thin enough to accommodate fine-scale surface roughness [111]. In a previous
study, the attachment ability of a single hair (seta) was investigated to study the
influence of surface roughness on gecko adhesion [77]. The pull-off force of a
single hair was measured as a function of the surface root mean square (RMS)
roughness from 20 to 1,100 nm. The relationship between adhesion and RMS
roughness resembled an inverted parabola, with a distinctive minimum between
100 and 300 nm RMS roughness. The diameter of a single spatula of the gecko’s
adhesive pad is about 200 nm, and the surface adaptability of both a single spatula
and the gecko itself was not efficient when surface roughness was close to the
spatular dimension.

In experiments on the adhesion of other animals utilizing the fibrillar system,
such as flies [112], beetles [111], and spiders [109], the critical roughness was
investigated for substrates with an asperity size in the range 0.3—1 pm. According to
previous studies, the spatula dimensions of geckos (0.2 pm) and spiders (0.7 pm)
are smaller than those of flies (1.8 pm) and beetles (6 pm). As shown in Fig. 10a,
there is a greater reduction of adhesion forces when substrate roughness is below
the critical roughness for animals utilizing larger contact-forming elements
[109]. Conversely, the fibrillar systems with smaller spatulae create relatively
stronger adhesion than the larger spatulae on a surface with roughness below the
critical value.

The geometrical scale of surface morphology in nature varies by seven to nine
orders of magnitude, and the attachment organs of many animals, such as nanoscale
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Fig. 10 (a) Comparison of force reduction on the intermediate level of rough surface (surface
asperity size, 0.3 pm) as a function of spatula dimension. The attachment forces are normalized to
the measured force on smooth surface. (Reproduced with permission from Wolff et al. [109].) (b)
Diagram explaining the contribution of adhesive pad and claw on the wide range of protrusion
size. (Reproduced with permission from Song et al. [108])
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spatulae and macroscopic claws, have been optimized to generate adhesion on a
wide range of surface asperities [108]. Many insects utilize rigid claws to create
strong mechanical interlocking on microscopic surface irregularities when they
stand or move on rough surfaces [108, 110, 111]. They are able to take advantage
of the surface irregularities and use them as anchorage when the surface roughness
is larger or compatible to the size of their claw tips.

In a previous study, the detachment forces of dock beetles, Gastrophysa viridula
(with fibrillar adhesive pads and intact claws) and the same beetles without claws
(adhesive pads only) were investigated as a function of surface roughness [111]. On
smooth substrates (roughness, 0.01-1 pm), clawless beetles produced nearly the
same magnitude of adhesion as intact beetles, but intact beetles produced a signif-
icantly larger force on larger scale roughness (12-30 pm) than clawless beetles.
Theoretically, the maximum attachment ability of the beetle’s fibrillar pad should
be achieved on the smoothest substrates (roughness = 0.01 pm), but the intact
beetles generated much stronger adhesion on the substrates with larger scale
roughness (>5 pum). This force enhancement indicates that claws become more
efficient at adhesion than pads when the surface roughness is close to the dimension
of the claw tip, a diameter of 2.6 um. The attachment ability of locusts (smooth
adhesive pads with claws) also showed a similar response to surface roughness
changes [110]. The measured attachment ability of the locust (critical roughness
1 pm) on rough surfaces (roughness > 5 pm) was stronger than on smooth surfaces,
indicating that the contribution of the claws became significant when the surface
roughness was greater than 5 pum. However, a recent study showed that the
attachment ability of claws decreases when the surface asperity is much larger
than the size of claw tips (Fig. 10b) [108]. Thus, the synergistic effect between
claws and adhesive pads may generate stronger adhesion on various surface rough-
nesses than the sum of claws and adhesive pads alone.

4 Anti-adhesive Surfaces

In this section we discuss how substrate surface topography of substrates can be
manipulated to reduce bioadhesion. Several strategies for creating anti-adhesive or
slippery surfaces via surface topography have been proposed: (1) reducing the real
contact area by controlling surface topography [20, 110, 111, 113], (2) contamina-
tion of the adhesive pad by fracturing of highly fragile surfaces [114-117],
(3) absorbing the adhesive secretions into structured substrates [89], and (4) infusing
a lubricating liquid that becomes locked in place by special structures [36]. Strate-
gies (1)—~(3) are examples of reduced adhesion (defined as energy required to
separate two surfaces by pulling normal to one another) and (4) is an example of
a slippery surface (low shear resistance or low friction lateral to the surface) that
still retains adhesive characteristics (normal forces).

It is well-known that surface topography strongly affects the real contact area
between surfaces. Even though animals have adapted features to adhere to
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Fig. 11 (a) Diagram explaining the adhesive model of an adhesive pad and a claw with
mathematical simplicity as a flat surface with walls of negligible thickness and height (%) which
are spaced at a distance (4). (b) Cryo-SEM microscopy image of the slippery zone wax coverage of
N. alata (upper and lower wax layers connected by thin stalk). Scale bar = 1 pm. (Reproduced
with permission from Gorb et al. [117])

structured surfaces, there is an opportunity to minimize adhesion by decreasing the
feature size to achieve roughness below a critical value, a concept described in
Sect. 3.2 [77, 109, 110]. In a previous study, the adhesion and deformation energy
of adhesive pads and claws (with tip radius r) on a structured surface were modeled,
as shown in Fig. 11a [20]. Interestingly, the results showed a finite range of wall
sizes (h) and spacings (1) where the required deformation energy to achieve a close
contact is comparable to the adhesion energy. This indicates that, in theory, low
adhesion surfaces, to which it is difficult for insect pads and claws to remain
attached, can be designed by controlling surface topography. However, animals
have different sizes and shapes of adhesive pads and claws, and the critical
roughness required for each adhesive system varies according to this structural
diversity. For example, the critical roughness of the locust (arithmetical mean
roughness R, = 1.0-2.0 pm) is one or two orders of magnitude higher than for
the beetle (R, = 0.01-0.13 pm) [110, 111]. Recent studies show that the design of
hierarchical surface roughness consisting of small scale critical roughness
(R, = 0.01-0.13 pm) distributed on features with larger scale critical roughness
(R, = 1.0-2.0 pm) can be used to create anti-adhesive surfaces for both locusts and
beetles [113, 118]. This idea has been extended to the development of icephobic
[23, 119, 120] and insect mitigation coatings [121, 122]. It has been proposed that
ice adhesion on multi-textured surfaces may be reduced because of trapped air
bubbles as well as delayed ice nucleation [122]. The regular raised riblets of
biofouling-resistant shark skin have led to bioinspired pillar/ridge [123] and ‘wrin-
kled’ [24] surface structures that resist adherence of biofouling organisms. In
addition to shark skin, the microtextured surfaces of mussels and crabs are known
to resist adhesion of biofouling organisms, a topic that has been reviewed exten-
sively [124—126]. Based on the aforementioned bioadhesion studies, future research
in optimizing surface topography is warranted.
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Insects utilize adhesive pads and claws to generate strong adhesion, and the
contribution of the claws of insects can be eliminated by adding submicron surface
morphology, as the dimension of many of insect claws is on the micron scale or
larger. However, it is challenging to design a universal surface roughness to reduce
the functionality of the insects’ adhesive pads because, as previously mentioned,
each adhesive pad has a different critical roughness. A solution to overcome this
challenge, suggested by Gorb et al., is to reduce insect adhesion by ‘structural
contamination’ [115]. If the surface asperities of a substrate can be designed to
break off under the loading of the animal body mass, the pieces may remain adhered
to the insect adhesive pad and undermine the effectiveness of those features on
enhancing adhesion. This strategy is inspired by the surface structure of the anti-
adhesive zone in a carnivorous plant (Nepenthes). In previous studies of insect
locomotion on the slippery zone, insects with smooth or fibrillar adhesive pads were
unable to move, or moved only very slowly, because of reduced contact area caused
by surface contamination attributed to the bilayer wax structure [114, 116]. The
surface of the anti-adhesion zone is covered with upper and lower wax layers, and
the platelet shape of the upper layer is connected to the lower layer with thin and
long stalks, as shown in Fig. 11b [117]. There are three expected topographical
effects that could lead to the reduction of insect adhesion: (1) the perpendicular
orientation of the upper platelets reduces the contact area of the insect [20], (2) the
long and thin stalk can break off during locomotion [127], contaminating the
adhesive pads [114], and (3) the mechanical interlocking function of the claw
cannot function because of the platelet’s small dimension and their fragile and
brittle nature [116]. In a recent study, the bilayer wax surfaces showed much better
anti-adhesive functionality than substrates with roughness similar to the single
lower wax layer [116]. This result indicates that the combination of the sacrificial
structural features, mimicking the contaminated pads, and critical roughness strat-
egies can improve anti-adhesive functionality.

Insects utilize a liquid secretion to increase the effective contact area on a rough
surface. A loss of adhesive function of the insect foot pad was observed when the
liquid secretion on the pad was washed with organic solvent [128]. Physical models
and previous experiments also suggested that excessive volumes of the adhesive
secretion reduce attachment ability because of hydrodynamic lubrication
[59, 88]. These studies indicated that the attachment ability of liquid-based
bioadhesive systems can be reduced or eliminated if the structure of substrates
can increase or reduce the volume of the liquid secretion between the pad and
substrate. For example, the adhesion of ladybird beetles on a nanoporous substrate
was measured [89], and a significant drop of the attachment ability was observed on
the nanoporous substrate compared to the adhesion on a smooth substrate. The
authors claimed that the beetle secretion was absorbed by the porous substrate,
causing reduced adhesion. To work effectively, the absorption rate of the structure
must be faster than the production and delivery rate of the liquid secretion.
Alternatively, to increase the liquid volume between the adhesive pad and rough
substrate, a surface coated with a lubricating liquid was suggested [129-131]. How-
ever, the liquid coating on the surface might easily flow away by low shear forces or
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even gravitational force. Recently, inspired by the continuously-wetted textured
ridges of the peristome of N. alata, synthetic liquid-infused porous surfaces
(SLIPS) were developed to create a stable lubricant film and impart slipperiness
to interfaces [22, 36]. Key factors in retaining the infused lubrication fluid were the
nanometer- and micrometer-scale porous and textured structures of the substrate.
The attachment ability of the carpenter ant was tested on the SLIPS wall (perpen-
dicular to gravity), which showed reliable low-friction functionality [36], causing
the insects to slide and fail to attach. SLIPS structures have also been shown to
impart icephobic characteristics to interfaces [22]. Interestingly, SLIPS have been
shown to have exceptional biofouling resistant properties as well [132].

5 Conclusion

In this chapter we have summarized the physical principles of roughness and
surface feature effects on adhesion, starting with simple geometries (such as
spherical and planar surfaces) and expanding to consider complex surface mor-
phologies. Both dry and wet adhesive mechanisms have been considered. Although
there are no universal, simple models that capture all adhesive mechanisms, surface
topography has been recognized as the most critical factor in determining adhesive
properties. The evolutionarily-adapted surface structures of animals and plants
show how surface topography can be utilized to create functionalized adhesive
properties. The bioadhesive mechanisms of many of these structured surfaces have
been investigated in order to mimic their adhesive functionality. Based on these
investigations, diverse applications, such as surfaces for water-repellency, oil-water
separation, and water purification, as well as anti-icing, anti-corrosion, and anti-
bacterial surfaces, have been proposed or developed [23, 36, 133-136]. Further
studies of structural effects may suggest designs for anti-adhesive and anti-icing
surfaces for eliminating the detrimental impacts of aerodynamic residues, such as
insects and ice, on transportation industries and other contamination-mitigating
surfaces for extreme environments.
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Abstract Aizenberg and co-workers developed slippery liquid-infused porous
surfaces (SLIPS) where a textured solid was infused with an immiscible
perfluorinated lubricant with low surface free energy to create a smooth liquid
over layer. The lubricant was selected to minimize ice nucleation and ice adhesion
strength. Many slippery surfaces using various lubricating fluids (perfluorinated,
silicone oil, hydrocarbon, and water) have been produced in the last 5 years. As the
possible interactions between the lubricant and the patterned or porous solid
structure would be adsorption or absorption in scientific terms, in this work the
terminology commonly used to describe these systems, “infuse (or impregnate),” is
replaced by defining these materials as “liquid ad(ab)sorbing surfaces” (LAAS)
instead. In this review, initial discussion is on two main conditions to form ice on
surfaces, that is, ice formation from impinging supercooled droplets and frost
formation from atmospheric humidity. This is followed by a summary of the
synthesis and properties of flat low surface energy and superhydrophobic anti-
icing surfaces, the basic reference surfaces used in passive anti-icing. Then the
synthesis and anti-icing performances of LAAS are reviewed in three subtopics,
depending on the lubricant used in their preparation such as fluorinated lubricants,
silicone liquids, and hydrophilic liquids. The factors affecting ice adhesion strength
are discussed and the importance of ice accretion experiments is highlighted. The
need for standardization of both measurements is stressed in order to compare the
results reported from different laboratories. Finally, some promising approaches are
recommended for future research such as the use of LAAS in combination with
traditional anti-icing and deicing techniques, superhydrophobic surfaces, or Joule
heating systems to decrease the amount of electrical energy supplied.
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1 Introduction

Passive anti-icing methods [1, 2] are very important in everyday life and also in
industry, because icing on surfaces causes the breakdown of many systems, such as
aircraft [3], wind turbines [4—6], power lines [7], offshore platforms [8], photovol-
taic devices [9], cars, trains, and ships, which results in large economic and human
losses. In general, methods to prevent ice accretion or to remove ice after it forms
on a surface can be classified into two main categories: active and passive. In
“active” anti-icing systems, which are currently widely used, thermal, mechanical,
or pneumatic energy is supplied from beneath or outside of a surface to decrease ice
accretion or remove ice after it has been deposited. Active methods include
mechanical scraping and applying de-icing fluids. However, many of these methods
are time- and energy-consuming, expensive because of the high energy require-
ments, and entail a risk of faulty applications, which can damage the existing
infrastructure [1, 2, 6, 10-12].

To develop “passive” anti-icing methods, where no external energy is supplied,
intensive research efforts have been made to synthesize and understand surfaces
with icephobic (ice-repellent) properties to prevent ice from adhering to them or to
allow ice to be easily delaminated afterward by natural airflows or solar radiation.
Many extensive reviews have been published on these subjects [1-7, 13—16]. Unfor-
tunately, passive methods have found few industrial applications because of their
limited success in rapidly shedding impacting supercooled water droplets or con-
densing water droplets from the atmosphere, preventing ice nucleation, and mini-
mizing ice adhesion with enough longevity and durability, especially in sub-zero
environments with high humidity. Currently, no known surface coating can
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completely prevent ice or snow from accumulating on a surface [1, 2, 9, 14], and the
complex nature of icing creates many challenges in synthesizing icephobic coat-
ings. Some details of the strategies to develop passive icephobic surfaces that can
reduce the amount of accreted ice, delay the freezing time of impacting droplets,
and reduce the ice adhesion strength on a surface are examined in Sects. 2—7.
Problems also occur with the standardization of anti-icing tests, as described in
Sects. 2, 3, 6, and 7, partly because of the complexity of these measurements and
partly because of large differences in the test systems built and used by the various
groups working on icephobic surfaces throughout the world [1, 2, 14, 17].

Historically, smooth surfaces were thought to be the best candidates on which to
minimize ice adhesion. Smooth polydimethylsiloxane (PDMS) copolymers [18] or
polytetrafluoroethylene (PTFE) [19] surfaces with low surface energy have been
used for this purpose since the 1970s. However, mechanical weakness of these
surfaces was a major concern. Repeated icing-shear removal cycles and freeze-
thaw cycles on these surfaces were shown to increase the ice adhesion strength
significantly and cause damage to them. This subject is discussed in Sect. 4.1.

Synthetic superhydrophobic surfaces (SHSs) were first developed in the 1990s.
They exhibit water contact angles greater than 150°, and water droplets roll off
readily from these surfaces at a tilt angle of less than 10° at room temperature
conditions [20, 21]. They can be formed when extensive micro- and/or nanoscale
roughness on a hydrophobic material is created or a previously micro/nano-
structured surface is coated with a hydrophobic material with a low surface energy
[1,2, 14, 20, 21]. Starting in 2009, SHSs were proposed to prevent ice formation by
means of rapidly sliding or bouncing water droplets off before they freeze [22—
35]. However, it was later shown that superhydrophobicity, by itself, is not useful in
anti-icing applications as this property is lost, especially in high humidity and
sub-zero conditions. Moisture condenses inside the rough structure of an SHS
over time under high humidity conditions, and cold water droplets grow and
coalesce rapidly to form an ice layer on this surface [9, 13, 14, 23, 36-43]. Ice
adhesion strength increases when ice penetrates into the texture of an SHS and
superhydrophobicity can be destroyed in de-icing/icing cycles. This subject is
discussed in Sect. 4.2.

Inspired by the insect-eating Nepenthes pitcher plants, a method for creating
slippery liquid-infused porous surfaces (SLIPS) was developed in 2011 by
Aizenberg and co-workers [44]. In this method, a textured solid is infused with
an immiscible lubricant with low surface free energy to create a smooth liquid
overlayer. The lubricant is selected to minimize ice nucleation, ice accretion, and
ice adhesion strength, and to impart other useful properties. Many slippery surfaces
similar to SLIPS using various lubricating fluids were produced for anti-icing
applications after 2012, and are described as “liquid-impregnated surfaces”
(LISs) in some papers [45-65]. The manufacture, properties, and successes of
LISs on anti-icing tests are discussed in detail in Sect. 5.

However, a problem exists with the terminology of using the words “to infuse”
in SLIPS according to current scientific terminology. In general, “to infuse a liquid”
means to pour in (or imbibe) gradually a liquid into a specific volume, but it is
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unclear how this liquid is kept in this volume without being drained or evaporated
for a definite time suitable for a practical application. If a porous structure such as a
sponge is used for the specific three-dimensional (3D) material to be infused with
the lubricant (similar to the original SLIPS publication [44]), then the possible
interactions between the lubricant and the porous structure would be adsorption or
absorption. Instead of the word “infusion,” the well-known scientific terms
“absorption” [66, 67] and “adsorption” [68] can both be used analogous to their
use in liquid/sponge studies. The quantity of liquid absorption inside a 3D structure
per mass of solid, or the amount of liquid adsorption on the surface of the pores of a
3D structure, can be reported when absorption and/or adsorption terminology is
used. Unfortunately, these quantities were not given in most of the SLIPS or LIS
synthesis papers and anti-icing characterization reports. The use of “liquid ad(ab)
sorbing surfaces” (LAASSs), instead of “liquid-infused surfaces” or LISs, is a better
description of such systems in current scientific terminology.

In summary, this review focuses mostly on the synthesis and properties of
LAASs and also highlights the importance of laboratory-scale ice accretion tests.
Because LAASs have not yet been tested extensively in icing wind tunnels, no
dynamic anti-icing results are presented. The content of this review is different
from recent reviews that broadly describe the subject of designing smooth, textured,
and slippery anti-icing surfaces [1] and compare the results of low surface energy
and LISs [16].

2 Ice Formation from Impinging Super-Cooled Droplets

Icing problems on surfaces arise from the solidification of supercooled water
droplets on substrates. If no supercooled water droplets are present in an outdoor
medium, accumulations (for example, from when snow (ice crystals), sleet (frozen
ice pellets), and hail (balls or irregular lumps of ice) precipitate onto surfaces) do
not pose important safety risks for transportation craft such as ships and aircraft.
Without melting and refreezing, the snow, sleet, or hail can easily be removed from
the surface through air motion [69]. Conversely, the formation of glaze and hard
and soft rime from supercooled droplets is a very important problem in industry and
daily life. Supercooled water droplets are in a metastable state and solidify in an
irreversible process when impacting a surface, usually with heterogeneous nucle-
ation at the water—solid interface, because the protrusions on the substrate reduce
the activation energy to form crystal nuclei in the droplet, which grow irreversibly
into ice [70]. “Freezing rain” comprises large drops of liquid water, with diameters
ranging from 70 pm to a few millimeters, that fall when surface temperatures are
below freezing. Freezing rain is made entirely of liquid droplets that become
supercooled when passing through a freezing layer of air, and then freeze upon
impact with any surface. It forms “glaze” (wet ice) when it accumulates on the
surfaces at temperatures below zero. Glaze is a transparent, clear, dense, and hard
ice with a density of 800-900 kg/m? [69, 71]. Its density is less than that of pure ice,
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which has a density of 917 kg/m>. Glaze formation on surfaces adversely and
strongly affects aircraft, ships, transmission lines, and many other types of
infrastructure.

When small supercooled water droplets (5-20 pm) accrete on surfaces at high
wind velocities and air temperatures between —2 and —8°C, “rime” (dry ice) forms
on these surfaces. “Ice accretion” is a kind of crystal growth process occurring
when supercooled droplets and snow crystals make contact with each other, leading
to the freezing of the liquid droplets onto the surface of the crystals. There are two
types of rime, “hard” and “soft.” Hard rime is less transparent than glaze because of
the air trapped in it and has a density of 600-900 kg/m®>. Soft rime is feathery,
milky, crystalline, and granular, with a white/opaque color and a density less than
600 kg/m> [69]. The size and temperature of supercooled droplets, substrate surface
temperature, wind speed, impact velocity of droplet, and liquid water content per
unit volume of air are the most important parameters designating the type of icing.
In general, the increase in drop size, wind speed, impact velocity, liquid water
content per unit volume of air, and decrease in droplet temperature result in an
increase in ice density up to 900-917 kg/m? [72].

The ice accretion mechanism is explained as follows: Supercooled droplets do
not freeze instantly when they impact a surface. Only part of the droplets freeze,
and the remaining liquid flows onto the substrate as a film and forms a larger icing
ridge when completely frozen. This frost layer changes the surface properties of the
original solid, because any hydrophobic surface exhibits hydrophilicity after being
coated with a thin frost layer. On the other hand, the ice accretion rate depends on
the removal of the latent heat released during freezing by local heat transfer on the
surface because of convective cooling and evaporative cooling. In some cases, a
thin water condensate film forms on the surface when the relative humidity (RH) of
the air is high. Once the super-saturation conditions are achieved, frost formation is
unavoidable on all surfaces [36].

The determination of ice accretion in mass per unit area on test surfaces is an
important parameter in evaluating the anti-icing performance of a surface [6, 10—
12, 23, 26, 65, 69, 73-83]. The minimization (or complete prevention) of ice
accretion on a sample surface is the most significant test for the success of an
anti-icing coating [17]. Unfortunately, only a few papers have reported ice accre-
tion results on surfaces [65, 69, 73-76, 78, 79, 81]. Only photographs have been
given in most of these publications to compare the relative ice or snow accumula-
tion on different surfaces under different test conditions [10, 23, 26, 77, 80,
83]. This is probably because of the high cost of the laboratory setups used for
ice accretion tests which has hampered some researchers carrying out these exper-
iments. However, the lack of ice accretion results on test surfaces causes confusion
and also the false evaluation of the success of the synthesized anti-icing surfaces.
Unfortunately, no ice accretion result of any large area slippery LAAS has been
reported in mass/area units in any publication except for the results reported by
Ozbay et al. [65]. Most of the papers on LAAS have presented icing delay times or
ice adhesion strength values after ice formation [44—64]. Standardization of ice
accretion experiments is required for better comparison of the results obtained from
different laboratories [17, 84, 85]. This subject is discussed in Sect. 7.
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3 Frost Formation from Atmospheric Humidity

Ice can accumulate on surfaces through either homogeneous or heterogeneous
nucleation mechanisms from the vapor phase. In the “homogeneous nucleation”
mechanism, a crystallite, which is a germ of ice, is formed by the continuous
movement of molecules caused by thermal fluctuations in the liquid during cooling.
However, most of the crystallites thus formed then dissolve back into the liquid. A
large enough crystallite size is required to form the critical nucleus, which can turn
rapidly into ice. In reality, the homogeneous nucleation process is difficult to take
place and may take a long time because of the energy barrier caused by the surface
tension of the surrounding liquid preventing favorable interactions between mole-
cules to form the crystalline arrangement of ice [72].

“Heterogeneous nucleation” of ice on surfaces, however, can readily occur when
a seed such as another ice crystal, solid particle, dust, or solid surface is in contact
with a supercooled droplet. These roughness asperities already present or formed by
the seed on a substrate reduce the barrier of the activation energy. Ice formation
with heterogeneous nucleation happens in two subsequent phases. In the first phase,
the liquid solidifies in the form of a dendritic structure accompanied by the release
of latent heat. Only part of the supercooled liquid freezes in the order of millisec-
onds, that is, just enough to warm up the mixture of solid as latent heat is released.
After the first phase, the remaining liquid freezes isothermally at the melting
temperature if further heat is conducted away from the mixture in the order of
seconds [70]. Nucleation from the vapor phase via desublimation or liquid conden-
sation [86, 87] followed by freezing leads to formation of frost, which consists of
sparse dendritic crystal structures that become denser with time. The supplied large
surface area and confinement because of the presence of microstructures increase
the rate of droplet condensation on SHSs, especially in high RH conditions
[1, 14]. When moisture condenses inside the rough structure of a SHS under high
humidity conditions, water droplets coalesce rapidly to form an ice layer on the
surface [13, 23, 36—43]. Surfaces with dense nanoscale topography result in a better
resistance toward condensation-induced wetting with longer freezing times [29, 88,
89]. This may be because of the same mechanisms responsible for the delayed ice
nucleation of sessile droplets on hydrophobic nanostructures [22, 90]. Thus, it is
important to measure properly the freeze delay time of droplets [14, 22, 27, 29, 30,
32,42, 43, 91-96].

Drop freezing time measurements are usually carried out by visual inspection of
the color of the droplet. Initially, all the water droplets are transparent on the
surfaces. After a time, water droplets lose their transparency and become translu-
cent/white upon freezing. However, there are many problems with the determina-
tion of drop freezing times. The temperature of the liquid water droplets should be
precisely measured and monitored by using thin thermocouple probes. It should be
taken into account that the temperature of the droplets takes a finite amount of time
to reach the temperature of the cold climatic chamber and thus measurement
conditions are usually non-equilibrium. When pure water is used in these
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experiments, poor reproducibility is generally obtained because the start of freezing
depends on the spontaneous formation of the first ice nucleus and the time of this
process is mostly stochastic. Some researchers have used tap water with a dilute salt
content instead of pure water to obtain repeatable icing time measurement values
[17, 91] and some others vibrate the thermocouple wire to disturb the droplet and
initiate spontaneous icing. The temperature and RH in the chamber should be
precisely controlled as well as the initial temperature of the droplet (the temperature
of water in the syringe) and this data should be reported in order to achieve
reasonable comparisons between independent ice delay times. When Peltier ele-
ments are used to cool the surface in a room environment for droplet icing time
tests, the results are far from those obtained in natural outdoor icing conditions
where no temperature gradient is present between the drop—air interface and air. In
addition, the temperature difference between the drop/solid (Peltier stage) interface
and drop-air interface is sometimes much larger than in natural conditions, where
all the materials are closer to thermal equilibrium. Thus such Peltier stage drop
cooling time results are not reliable for comparison with the results obtained in a
closed chamber or outdoor conditions.

There were some drop freezing time reports for the slippery LAAS, and the long
drop freeze times and low surface coverage by frost were attributed to a reduction in
the number of potential nucleation sites [48]. For example, only 20% of the surface
of a lubricant absorbed surface was covered by frost in 80 min under frosting
conditions, which is approximately four times better than a SHS [45, 97].

4 Types and Properties of Anti-icing Surfaces

Classifying anti-icing (or icephobic) surfaces according to their various properties
is possible, as can be seen in many review articles [1, 2, 5-9, 14, 16]. In these
reviews, icephobic surfaces are classified according to different approaches, includ-
ing material surface properties, delaying droplet freezing time, preventing frost
formation, lowering the ice adhesion strength, and by mechanism used to obtain
icephobicity. However, here we classify them into three main categories according
to their synthesis methods: (1) flat anti-icing surfaces with low surface free energy,
(2) superhydrophobic anti-icing surfaces, and (3) slippery LAAS. Only a summary
is given in the text for the first two items in Sects. 4.1 and 4.2, respectively (and only
some important references are cited), as the main objective is to discuss the slippery

LAAS, which is done in Sect. 5.
4.1 Flat Anti-icing Surfaces with Low Surface Free Energy

In early anti-icing studies, smooth surfaces with low surface free energy (less than
30 mJ/m?) were used to minimize both the ice accretion and its adhesion to a
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surface. However, only limited success was achieved in decreasing ice adhesion
and it seems unlikely that ice accretion minimization was achieved [18, 19, 98—
100]. It has been suggested that smooth surfaces minimize heterogeneous nucle-
ation of ice [70]. In practice, smooth anti-icing surfaces were successful in reducing
ice adhesion strength in the laboratory when surfaces with low surface free energies
were used. However, only limited success was achieved in industrial applications
because of their poor ice accretion performances in outdoor conditions and also
because of their low mechanical durability [18, 19].

Meuler et al. [100] derived a relationship between the equilibrium and receding
contact angles of water on a surface and the ice adhesion strength of the surface.
Hydrogen bonding, polar, van der Waals forces, and electrostatic interactions are
the main physical mechanisms responsible for ice adhesion onto a surface
[9, 14]. Contact angles and wettability of a surface are dependent on molecular
interactions [101]. Correspondingly, the wettability of a surface was proposed to be
an important parameter in choosing the type of coating material to reduce the ice
adhesion strength on a surface [17, 19, 73, 74, 100, 102—104]. Flat fluoropolymers
which give very high water contact angles up to 120° were tested as anti-icing
surfaces [19, 28, 35, 74, 99, 105]. Yang et al. [74], who used smooth fluoropolymer
surfaces in their studies, reported that these could significantly reduce ice adhesion
strength, but did not show any important effect in reducing ice accretion on them at
—8°C. Silicone-containing polymers, which also gave high water contact angles,
were tested for anti-icing applications because of their low surface free energy and
low glass transition temperature, T,, giving flexible chains. However, until recently,
only limited success was obtained because of the low mechanical resistance of
silicone polymers [18, 28, 106—108].

In 2015, cross-linked PDMS gels with good mechanical properties were synthe-
sized and resulted in very low ice adhesion strength down to 5 kPa [109, 110]. It is
well-known that low work of adhesion, low shear modulus (obtained by soft
materials), and high thickness leads to lower ice adhesion strength [108]. Based
on these observations, trimethylterminated-PDMS, vinyl-PDMS, and hydride-
PDMS were used to obtain a PDMS gel giving ultra-low ice adhesion strength
[109]. Similarly, Golovin et al. fabricated a series of different icephobic gels using
PDMS, polyurethane (PU) rubbers, fluorinated PU polyols, and perfluoropolyethers
after embedding these elastomeric samples with either silicone, Krytox, vegetable
oil, cod liver oil, or safflower oil to enable interfacial slippage. Interfacial slippage
was reported to make the biggest impact on the ice adhesion strength of the low
cross-link density elastomer samples and resulted in ultra-low ice adhesion strength
of as low as 0.2 kPa [110].

Fluorosilicone block copolymer coatings were also tried in order to diminish the
ice adhesion strength by the application of the synergistic effects of water and
oil-repellent properties of fluorides and silicones [111-113]. Some success on the
reduction of ice adhesion was obtained because of the decrease of the interaction
between ice and the copolymer surface where the fluorine-containing chains were
enriched because of the formation of microphase separation of the block copoly-
mers on the surface [112].
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4.2 Superhydrophobic Anti-Icing Surfaces

It was hypothesized that artificial SHSs which were prepared by the combination of
low surface energy materials and enhanced surface roughness [1, 2, 14, 20, 21]
would be successful in anti-icing applications by repelling impinging water droplets
and eliminating their presence on a surface before they can freeze. In addition, it
was expected that ice adhesion strength would be reduced after icing occurs
because of the formation of only a small solid-ice interfacial area [1, 2, 10, 14,
23-34].

Conversely, many researchers reported that the use of SHSs were not successful
for anti-icing applications [9, 13, 14, 22, 36—43]. There are various reasons for this
result: superhydrophobicity is lost, especially in high humidity and sub-zero con-
ditions, or can be destroyed afterward under the de-icing/icing cycles, and ice
adhesion strength increases when ice penetrates into the surface texture. As
predicted by classical nucleation theory, condensed water droplets nucleate and
grow randomly within hydrophobic microscale structures [36, 114]. The rate of
condensation on SHSs increases because of the presence of the larger surface area
and microstructure confinement. Consequently, the growing water droplets are
trapped in the Wenzel state and prevented from being completely removed by
external forces [36, 114—116]. When ice accretion occurs on an SHS, it usually
damages the surface microstructures during icing and deicing cycles and the ice
adhesion strength has been found to be very high in a humid atmosphere [38, 39]. It
was later found that surfaces with dense nanoscale topography offer promising
condensation-induced wetting resistance, and condensing droplets on nanostruc-
tured SHSs experience longer freezing times [29, 88, 89, 117]. This may be because
of the same mechanisms responsible for the delayed ice nucleation of sessile
droplets on hydrophobic nanostructures [22, 90].

The expectation of the repellence of impinging water droplets and eliminating
their presence on a surface before they can freeze has not been validated. The
motion of droplets is affected by the initial droplet volumes, viscous dissipation,
size, and structural hierarchy of surface features [1]. Droplet bouncing can occur
when the impacting liquid maintains enough energy to depart the surface, but if a
droplet strikes the surface with high velocity with sufficient kinetic energy, then it
may displace the air pockets present on the SHS and imbibe into the rough
structure. The superhydrophobic property is then lost and the increased contact
area of the droplet with the underlying solid improves heat transfer, leading to rapid
heterogeneous ice nucleation [1, 118]. The resultant decrease in temperature results
in an increase of the viscosity of supercooled droplets, thus increasing contact time
and reducing bouncing ability [119]. In summary, the use of SHS for anti-icing
applications has not been successful, especially in humid conditions, contrary to
initial expectations [1, 2, 9, 13, 14, 22, 36-43].
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5 Slippery Liquid Ad(ab)sorbing Surfaces

Aizenberg and co-workers developed SLIPS in 2011 using perfluorinated liquids
as the lubricant and reported their icephobic properties in terms of the extent of
the mobility of a previously frozen water drop on them under outdoor conditions
of —4°C and 45% RH [44]. Stone has described SLIPS as “wet icephobic”
surfaces as shown in Fig. 1 [46].

In one of their works, an ordered epoxy resin-based nanostructured surface
was prepared from silicon masters through the replica molding method with
dimensions of ~300 nm diameter, 5 pm height, and 2 pm pitch length between
the centers of the protrusions [44]. The epoxy replicas were initially hydrophobized
with heptadecafluoro-1,1,2,2-tetrahydrodecyltrichloro-silane. Fluorinert FC-70
(perfluorotri-n-pentylamine) lubricating fluid, with low surface free energy
(17.1 £ 0.3 mN/m), was added dropwise onto this structured solid to form a smooth
over-coated layer with the fluid spreading spontaneously onto the whole patterned
substrate through capillary wicking. The thickness of the over-coated layer was
controlled by the fluid volume and this was added only until it spread across the tops
of the surface features. Half of the Fluorinert FC-70 lubricant which was infiltrated
into the epoxy resin-based nanostructured surface evaporated in 5 days (complete
evaporation took place in approximately 10 days) [44]. In this publication, no anti-
icing tests were carried out. Only the high mobility of previously formed ice drops
on this LAAS sample placed on an inclined plane was shown in a movie and
compared to the mobility of ice drops formed on the uncoated epoxy resin-based
nanostructured SHS at outdoor conditions of -4°C and 45% RH [44].

The study of Aizenberg and co-workers inspired other scientists in the anti-icing
field and many slippery surfaces were produced to investigate the efficacy of this
approach for reducing ice adhesion strength. Similar to the original LAAS article
[44], various lubricating fluids based on fluorinated, silicone, and hydrophilic
liquids were used in these studies, and the surfaces were termed LIS in some papers
[45-65]. The synthesis and anti-icing properties of such surfaces were the partial
subject of four recent reviews [1, 2, 14, 16]. Two of these reviews comprise a very
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Fig. 1 Preparation of an LAAS (SLIPS) by infiltrating a functionalized porous/textured solid with
a low surface energy, chemically inert liquid to form a smooth lubricating film on the surface of the
substrate. (Reproduced with permission from Stone [46]. Copyright (2012) American Chemical
Society)
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broad range of the subject of designing smooth, textured, and slippery icephobic
surfaces and their comparison [1, 2]. Another one presented a comprehensive
review of the physics of ice formation on surfaces and mechanisms of anti-icing
[14]. The last one compared the anti-icing performances of low surface free energy
and LAAS [16]. Anti-icing results of LAAS were only partially given and discussed
in all the above-mentioned reviews. The focus in this review is only on the
performance of slippery icephobic LAAS and examines the synthesis—anti-icing
property relationship of these LAAS according to the type of lubricant used in their
manufacture in three separate sections below. The anti-icing properties of LAAS
described in this section are summarized in Table 1 by substrate and lubricant types
along with the subsection number in which they are discussed.

5.1 Surfaces Formed with Fluorinated Lubricants

5.1.1 Krytox 100 Lubricant on Hydrophobized Highly Textured
Polypyrrole Electrodeposited on Aluminum

In another study, Aizenberg and co-workers prepared LAAS-coated aluminum
surfaces by oxidative electrodeposition of highly textured polypyrrole (PPy) with
a thickness of 3-4 pm on aluminum substrates, post-hydrophobization of this
surface by a fluorosilane (tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane),
and then infiltration of a perfluorinated lubricant (Krytox 100-DuPont, which is a
fluorocarbon ether polymer of polyhexafluoropropylene oxide) with low-viscosity
(7 ¢St at 20°C) and low freezing point (below —70°C) properties [45]. Krytox
100 was added dropwise onto the porous hydrophobic surface which was held
vertically to remove excess lubricant until no macroscopic movement of lubricant
on the surface was evident. The thickness of the lubricating layer was calculated to
be 8—10 pm based on the measured weight change, substrate size, and density of the
lubricating liquid. Water droplets were formed by condensation in a humid medium
(60% RH) on Krytox-coated Al surfaces and froze during the cooling cycle from
room temperature to —10°C at a rate of 5°C/min. The authors reported that the
frozen droplets were able to slide down with a tilt angle of 75° from horizontal and
left the LAAS during the defrost cycle from —10 to 25°C at a rate of 10°C/min
[45]. For conditions, such as —2°C, 60% RH, a frost-free surface could be obtained
on the LAAS-AI surfaces for 100 min. Unfortunately, the LAAS-ALI surface even-
tually accumulated ice after a prolonged exposure to cold temperatures (<—10°C at
60% RH). The ice formed on the LAAS-AI surface was somewhat different than the
ice formed on a bare Al surface. The ice on the LAAS-AI surface tended to form
large and isolated patches and these large ice patches slid off the surface immedi-
ately upon heating and melting of the ice at the interface during the defrost cycle,
leaving the surface clean, as seen in Fig. 2.

It was proposed that the LAAS-AI surface more easily shed the melted water
drops or ice sheets because the infiltrated lubricant did not freeze and this surface
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Table 1 Anti-icing properties of LAAS which were reported in publications described in Sect. 5
according to their substrate and lubricant types

Ice Ice
adhe- |Icing |accre-
sion |time |tion Ref
Substrate (template) Lubricant test test test No Section
Hydrophobized epoxy Fluorinert FC-70 - — - [44] |5
resin-based nanostruc- (perfluorotri-n-
tured surface pentylamine)
Hydrophobized highly Krytox 100 (fluorocar- | + + — [45] |5.1.1
textured polypyrrole bon ether poly-
electrodeposited on Al hexafluoropropylene
oxide)
Square silicon microposts | Krytox-1506 (fluoro- - — - [47] |5.1.2
obtained by lithography carbon ether poly-
coated with hexafluoropropylene
hydrophobized nanograss | oxide)
Alumina nanoparticle Krytox-1506 (fluoro- — + — [53] |5.1.3
coated Cu foil, silicone carbon ether poly-
nanowires, square silicon | hexafluoropropylene
microposts obtained by oxide)
lithography
Boehmite (aluminum Krytox GPL 101 (fluo- | — + — [48] |5.14
oxy-hydroxide) nano- rocarbon ether poly-
structured DSC pans after | hexafluoropropylene
hydrophobized oxide)
Boehmite (aluminum Krytox GPL 100 (fluo- |+ — - [49] |5.1.5
oxy-hydroxide) nano- rocarbon ether poly-
structured surface on hexafluoropropylene
aluminum oxide)
Hydrophobized inverse A- Krytox 100 (fluoro- |+ - - [50] |5.1.6
colloidal silica monolayer | carbon ether polymers
template of polyhexafluoro-
propylene oxide)
B- Krytox 103
C- Olive Oil
Nanoparticle suspension | (Fomblin Y) — + — [59] |5.1.7
of cellulose lauroyl ester | perfluoroether
coating lubricant
Polydimethysilicone Krytox 100 (fluorocar- |+ + + [61] |5.1.8
(PDMYS) layer containing | bon ether poly-
Fe;0,4 nanoparticles hexafluoropropylene
oxide)
Heptadecafluorodecyl A- Krytox GPL + + + [62] |5.1.9
trimethoxysilane 103 (fluorocarbon
microstructured silicone | ether poly-
rubber hexafluoropropylene
oxide)
B- Perfluoropolyether

(continued)
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Table 1 (continued)
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Ice Ice
adhe- |Icing |accre-
sion |time | tion Ref
Substrate (template) Lubricant test test test No Section
A- Hydrophobic PP sheet | A- Fluorinert FC-70 + + + [65] |5.1.10
B- Polyalphaolefin 5.3.6
C- Silicone oil
B- Hydrophilic D- Decamethylcyclo-
cellulose-based filter penta siloxane
paper E- Water
F- Ethylene glycol
G- Formamide
H- Glycerine/water
Suspension of Fluorinert FC-70 - — - [120] |5.1.11
hydrophobized SiO, (perfluorotri-n-
nanoparticles and pentylamine)
PMMMA in THF solvent
was spray coated
Perfluorododecylated Heptacosafluoro- — — — [121] |5.1.12
graphene nanoribbon film | tributylamine
Carbon nanofibers dis- A- Krytox (fluorocar- — + + [122] |5.1.13
persed in a fluoroacrylic | bon ether polymers of
copolymer and spray polyhexa-
coated fluoropropylene oxide)
B- Silicone oil
Square silicon microposts | A- Silicone oil — — — [51] |5.2.1
obtained by lithography B- Ionic liquid
coated with (1-butyl-
hydrophobized nanograss | 3-methylimidazolium
bis-trifuoromethyl-
sulfonyl imide)
Hyrophobized litho- A- Silicone oil + — — [52] |522
graphically patterned B- Tetramethyl
square silicon micropost tetraphenyl trisiloxane
array
Synthesized PDMS coat- | Silicone oil + + + [56] |5.2.3
ing mixed with nano-
SiO, and cured
Butyl methacrylate- Silicone oil — — - [55] |524
lauryl methacrylate
copolymer organogel
Cross-linked PDMS Paraffin + — — [63] |5.2.5
Cross-linked PDMS Aliphatic, aromatic + — - [64] |5.2.6

hydrocarbons, silanes
and siloxanes

(continued)
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Ice Ice

adhe- |Icing |accre-

sion |time | tion Ref
Substrate (template) Lubricant test test test No Section
Cross-linked poly(acrylic | Water + — — [54] |5.3.1
acid) grafted inside pores
of patterned silicon wafer
obtained by
photolithography
PU obtained from Water + — — [57] |5.3.2
dimethylol propionic
acid, isocyanates, and
y-butyrolactone
Hyaluronic acid and Water + — — [58] 533
dopamine copolymer
coating
Superhydrophilic poly- Water + - — [123] |5.3.4
electrolyte brush coatings
Nylon 66 membrane Propylene glycol — + + [71] |5.3.5
coated by Hydrobead
superhydrophobic
coating
Water on PEG and PDMS | Water + — — [124] |5.3.7
blends
(+) means the property was measured and (—) means not measured

initial cooling frozen heating

Al

SLIPS-AI

Fig. 2 Images of ice formation on LAAS-Al and on bare Al surfaces by freezing (—10°C) in high
humidity condition (60% RH) and subsequent deicing by heating. The morphology of accumulated
ice on LAAS-Al was significantly different from that on bare Al. Condensation/freezing cycle:
from room temperature to —10°C at 5°C/min. Melting (defrost) cycle: from —10 to 25°C at 10°C/
min. Ice formed mostly around the edges of LAAS-AI by bridging from the surrounding aluminum
substrate, whereas it formed uniformly all over the aluminum substrate. The samples were
mounted with 75° tilt angle, and the widths of the substrates were approximately 3 cm.
(Reproduced with permission from Kim et al. [45]. Copyright (2012) American Chemical Society)



Use of Liquid Ad(ab)sorbing Surfaces for Anti-icing Applications 67

had a low contact angle hysteresis value of 2 4= 1° in comparison with the 41 + 4° of
the bare Al surface. Contact angle hysteresis is the difference between advancing
and receding contact angles and is generally a measurement of the surface rough-
ness and chemical heterogeneity of a surface [101, 125]. The shedding of water or
ice droplets was attributed to the lack of roughness and chemical heterogeneity on
the Iubricant surface [45]. This is possible only if the top of the protrusions in the
lubricant are below the lubricant surface level because the pinning of a water drop
to the exposed surface defects is the main reason for high contact angle hysteresis,
and only a defect-free, molecularly flat liquid interface can be achieved by forming
a lubricating film that overcoats the solid support.

In that paper, ice adhesion strength tests performed in a closed chamber by
attaching the LAAS-AIl and bare Al samples to a temperature-controlled aluminum
plate using thermally conductive tape, placing the fluoroalkyl-silanized cylindrical
glass columns on the substrate, and then filling the columns with 150 pL of fresh
deionized water [45]. These glass columns were made by cutting Pasteur pipettes
with a well-polished end and had a contact area of around 24 mm® with the
substrate. The humidity in the chamber was decreased below 3% RH to avoid
frost formation. Then the temperature of the substrate was lowered at a rate of 2°C/
min down to —20°C (or below) to ensure freezing. The temperature was raised to
—10°C at a rate of 2°C/min after ice formation and the samples were allowed to
equilibrate for 30 min. Later, the applied force was measured using a tensiometer
with a maximum force of 50 N by either pulling or pushing the sample columns at a
contact point less than 1 mm above the surface of the substrate, at the same time
maintaining the temperature at —10°C. The force gauge was moved forward and
backward at a precise rate of 0.5 mm/s for the bare Al and all other surface-treated
Al samples and 0.1 mm/s for SLIPS-Al because of the large difference in the ice
adhesion value. Average ice adhesion strengths of the samples were measured to be
15.6 kPa on LAAS-Al and 1,359 kPa on bare Al. Only adhesive failure (no cohesive
failure) of ice was seen on any sample during the experiments [45].

The Aizenberg group attributed the main effect of LAAS to minimization of
contact angle hysteresis as well as contact line pinning with the use of lubricant
[44—46]. If the lubricant has a freezing point much below the temperature to be used
in anti-icing applications, then only a minimum contact line pinning can occur on
this liquid layer with the condensing or impinging water (supercooled or not)
droplet. In general, the three-phase contact line of a droplet on a surface pins at
the surface defects of solid substrates and the contact angle hysteresis is typically
large on rough surfaces and small on smooth surfaces. The smaller the contact angle
hysteresis, the smaller the force tangent to the surface needed to move the drop.
Thus, the ease of sliding drops on a surface is an important parameter to affect
icephobicity, and LAAS is successful in this respect. However, the durability of the
lubricant on the porous solid layer is a very important factor that was not reported
by Kim et al. [45]. Additionally, the lubricant must be kept in the supporting matrix
and must cover the top of the protrusions for all of its service life for anti-icing
applications, otherwise the droplet would pin at the ridges on the surface and
contact angle hysteresis would increase rapidly. High cost and environmental
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constraints of the perfluorinated lubricants used in the LAAS synthesis are addi-
tional adverse considerations.

5.1.2 Krytox-1506 Lubricant on Silicon Microposts Coated
with Hydrophobized Nanograss

Varanasi and co-workers raised the criticism concerning the longevity of the
lubricant film and its possible depletion through evaporation. Similarly, entrain-
ment with the droplets being shed was not thoroughly addressed in the first LAAS
publications [51, 53]. They reported that the main weakness of an LAAS made of
perfluorinated lubricants was their durability on the porous substrate, which is
limited by how long this lubricant stays in the patterned surfaces or porous matrix
without evaporating or leaking [47, 51, 53]. Another issue they found was the
“cloaking effect” which was the spreading of the lubricant over the water droplets
forming on the lubricant infiltrated surfaces. This cloaking (or encapsulation) of
water droplets by the lubricant can cause the progressive loss of the lubricant
through entrainment in the water droplets as they are shed from the surface [47].

The authors formed patterned square silicon microposts 10 pm high, 10 pm
wide, and 10 pm edge to-edge, spacing via photolithography. A nano-grass texture
consisting of sharp spikes with a height of 200 nm and a characteristic spacing of
100 nm was also introduced by etching the silicon microposts in a plasma of O, and
SFs. The microposts were then further hydrophobized after cleaning the samples
with piranha solution to allow lubricant to adhere stably to the surface in the
presence of water. It was shown that condensed water droplets on the Krytox-
1506 lubricant-filled surfaces cannot be evaporated, even under high superheat
conditions, suggesting that cloaking occurred strongly during drop condensation.
In summary, the useful lifetime of an LAAS is affected by lubricant drainage,
miscibility of water with the lubricant, and cloaking of lubricant with water
droplets, and, if enough lubricant loss occurs, water droplets on the lubricant
surface are pinned to the solid texture at the post tops and the positive effect of
the lubricant surface is eliminated as shown in Fig. 3 [47].

As previously mentioned, the patterned texture should be completely sub-
merged in the lubricant to achieve low contact angle hysteresis and this complete
submergence can be achieved temporarily by depositing excess lubricant.
Complete submergence is possible only if the lubricant completely wets the
texture with a zero contact angle on the flat substrate [S1]. Otherwise, the excess
lubricant drains away by gravity and other drag forces and the lubricant—air
interface contacts the textured solid, thereby exposing the solid to the air.
Varanasi and co-workers used silicone oil and an ionic liquid (1-butyl-3-
methylimidazolium bis-trifuoromethylsulfonyl imide) as the lubricants in their
LAAS samples with a solid texture of square silicon microposts obtained by
lithography coated with hydrophobized nano-grass, and concluded that meeting
such a full wetting requirement is very difficult in practice and restricts the choice
of lubricants [51].
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Fig. 3 (a) ESEM image sequence of condensation on a micropost surface impregnated with
perfluorinated lubricant that has a positive spreading coefficient on water (S,, > 0). Condensation
is inhibited as the lubricant cloaks the condensed droplets. (b) Illustration of cloaked condensate
droplet depicting the thin film of condensate that spreads on the droplet. (¢c) ESEM image sequence
of condensation on micropost surface impregnated with ionic liquid that has a negative spreading
coefficient with water (S, < 0). (d) Illustration of uncloaked condensate droplet. (Reproduced
with permission from Anand et al. [47]. Copyright (2012) American Chemical Society)

5.1.3 Krytox 100 Lubricant on Hydrophobized Inverse Colloidal Silica

In another publication by the Varanasi group, the condensation frost formation
conditions on nanostructured and microstructured SHSs with and without the use of
a perfluorinated lubricant layer were investigated [53]. A dip-coating procedure was
applied which avoided the formation of a temporary excess of Krytox-1506 lubri-
cant film on their LAAS. The lubricant film was formed on three different substrates
made of alumina nanoparticle-coated Cu foil, silicone nanowires, and square silicon
microposts obtained by lithography. Horizontally located samples on a thermoelec-
tric cooler were cooled from about 20 to —10°C in a room environment of 22°C and
an RH of 25-30%, and the condensation frosting process was imaged using a light
microscope. In parallel experiments, frosting of droplets was also monitored with
an environmental scanning electron microscope (ESEM) and with Cryo-FIB/SEM
systems. The gradual draining of the lubricant from the drop’s wetting ridge and
from the neighboring microposts by capillary attraction onto frozen drops was
observed to be accompanied by the growth of dendritic structures. It was deter-
mined that the lubricant was nearly completely drained from the wetting ridge
within 3—-18 s and the majority of the perfluorinated lubricant migrated from the
wetting ridge and the substrate’s texture to the frozen drop’s surface. The authors
applied defrosting and found that the underlying nanostructure was clearly visible
after the second frosting-defrosting cycle, indicating that nearly all the lubricant oil
was depleted and the anti-icing and self-healing characteristics of the surface were
lost [53]. They concluded that the perfluorinated lubricant is likely to be depleted
from any LAAS in any practical anti-frosting applications and recommended the
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use of external lubricant reservoirs that allow the replenishment of the lubricant for
the sustained performance of such LIS surfaces [53].

5.1.4 Krytox GPL 10 Lubricant on Boehmite Nanostructured DSC
Pans After Hydrophobization

Aizenberg and co-workers investigated the effects of surface modification on
the heterogeneous nucleation of supercooled water on various surfaces using a
differential scanning calorimeter (DSC) [48]. They tested hydrophilic (untreated
aluminum), hydrophobic, hydrophobized superhydrophobic, and Krytox GPL
101-coated (LAAS) aluminum DSC pans. The nucleation temperatures were
reported to be in the order of hydrophilic (—25.1°C) < Krytox GPL 101 coated
(LAAS) (—24.8°C) < textured hydrophobic (—23.3°C) < textured hydrophobized
superhydrophobic (—22.0°C) pans. No deterioration and lowering of performance
were seen even after 150 freeze—thaw cycles. The authors commented that the use
of lubricant on the pan surface provided an ultrasmooth and chemically homoge-
neous interface to eliminate possible nucleation sites [48].

5.1.5 Krytox GPL 100 Lubricant on Boehmite Nanostructured Surface
Formed on Aluminum

Environmental shear stresses from continuous exposure of air flows or other foreign
fluids against capillary forces holding the lubricant on the LAAS was investigated
by Aizenberg and co-workers as a function of the length scale of the underlying
porous solids [49]. The authors used sandblasting and boehmite (aluminum
oxy-hydroxide) nanostructure formation as methods to create directly microscale
and nanoscale textures, respectively, on an Al substrate. They then hydrophobized
the substrate with a fluorinated coating. Krytox GPL 100 was used as the lubricant.
Centrifugal force using a spin coater was applied to simulate high shear conditions
on LAAS samples and it was determined that thinning of the lubricant layer led to
exposure of the underlying solid on flat surfaces, as only a very small capillary force
is present to hold the lubricant once subjected to various spinning rates between
100 and 10,000 rpm. Microtextured substrates retained more lubricant than
nanotextured substrates after subjecting them to a high spinning rate. Their perfor-
mance as SLIPS, however, was worse than that of the nanotextured surface,
indicating that the robustness of SLIPS is not directly correlated to the retention
of the lubricant alone. LAAS coatings gave low ice adhesion strengths (=10 kPa)
before shearing that were two orders of magnitude lower than that of bare stainless
steel (=700 kPa) and Teflon (/=240 kPa) [49].
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5.1.6 Krytox 100, Krytox 103 and Olive Oil Lubricants
on Hydrophobized Inverse Colloidal Silica Monolayer

In another publication, Aizenberg group reported that the stability of LAAS could
be improved by employing a closed-cell architecture of the substrate using an
inverse colloidal monolayer template to design transparent, nano-porous LAAS
structures [50]. A multi-step and complex procedure was used for this purpose. A
styrene and acrylic acid copolymer latex was synthesized by a surfactant-free
emulsion polymerization. This latex was diluted by water and ethanol to give a
colloidal dispersion of water/ethanol (with a solid content of 2.5%). After spreading
and drying the colloidal dispersion, a close packed colloidal monolayer was
obtained which uniformly covered the substrate. A mixture of tetraethylortho-
silicate, hydrochloric acid, and ethanol was then spin coated onto the colloidal
covered monolayer located on the substrate. Polymeric colloids were removed by
combustion at 500°C to obtain an inverse structure composed of silica. The final
inverse coating was cleaned in acid piranha and plasma-treated with oxygen plasma
for 10 min and coated with (1H,1H,2H,2HH-tridecafluorooctyl-trichlorosilane) by
vapor-phase deposition. Krytox 100 and olive oil were used as test lubricants and
their uniform coverage on the surface was achieved by removing the excess
lubricant by vertical placement of the substrates. More viscous Krytox 103 was
also used when the minimization of the lubricant evaporation was required. They
reported that lubricants could be firmly locked in the structures and the lubricant-
poured layers demonstrated good stability of more than 9 months of vertical storage
[50]. Ice adhesion was measured at —40°C using a custom ice adhesion setup
adapted from the literature [45, 100] for different glass substrates and LAAS
samples, but no details of the ice adhesion measurement were given. Ice adhesion
to hydrophilic glass was reported to be 1,318 4 63 kPa, to fluorinated glass
743 £ 334 kPa, to a superhydrophobic fluorinated inverse monolayer structure
387 £+ 204 kPa, and to the LAAS 10 4+ 7 kPa. However, no information was
provided in this publication on the effect of time and the number of freezing-
defrosting cycles on the ice adhesion strength or how the lubricant could be kept on
these pores for such a long time without evaporation and draining out when placed
vertically [50].

5.1.7 Fomblin Y Lubricant on Nanoparticle Suspension of Cellulose
Lauroyl Ester Coating

Chen et al. [59] synthesized cellulose lauroyl ester from cellulose and obtained its
nanoparticle suspension, prepared via nano-precipitation in a non-solvent. Glass
slides were dip coated with solution in toluene to give a thin transparent layer which
was used as an adhesion layer between the target surface and the subsequent
nanoporous film. Then the nanoporous cellulose lauroyl ester films were coated
by spraying the nanoparticle-containing suspension in ethanol onto the previously



72 H. Yildirim Erbil

CLE solution Nanoparticle CLE film Slippery CLE film
(a) suspension
‘ . Nanoprecipitation
— in ethanol —
(b) CH3(CH2)CH * (0
O=C =

o

3
s
{ OR
- -0 RO .} 1
M\MIO\;/.— — 0/ e g
oR { ‘
OR n 1mmJ

R = Hor COCHACH WCH, I

Fig. 4 (a) Schematic illustration of the fabrication process of slippery cellulose lauroyl ester
(CLE) surfaces. (b) Schematic representation of the chemical structure of CLE. (¢) Dynamic light
scattering (DLS) curve of CLE nanoparticles. (d) Scanning electron microscope (SEM) images of
the nanoporous CLE film. The inset shows the side profile of the film. (e) Photograph of a 5-pL
water drop on the nanoporous CLE film. (f) Shape of the drop on the nanoporous CLE film when it
was turned upside down. (g) Photograph of a 5-pL water drop on the slippery CLE film after the
infusion of perfluoropolyether into the nanoporous CLE film. (h) Sliding of a 5-pL water drop on
the slippery CLE film. (Reproduced with permission from Chan et al. [59]. Copyright (2014)
American Chemical Society)

coated surfaces. After the evaporation of ethanol, the final dry porous layer was
infiltrated with a perfluoroether lubricant (Fomblin Y) to give a transparent slippery
surface. This LAAS layer delayed the ice formation (ice formation took place after
40 min at —10°C) and the surface coverage of the drops on the LAAS film was less
than that on the nanoporous film as shown in Fig. 4 [59].

5.1.8 Krytox 100 Lubricant on PDMS Layer Containing Fe;0,
Nanoparticles

Yin et al. synthesized a PDMS layer containing Fe;O,4 nanoparticles which was
infused by perfluorinated lubricant (Krytox 100) to form an LAAS [61]. The main
objective was to afford a high efficiency photothermal effect under near-infrared
irradiation for rapidly melting the accumulated ice by the addition of Fe;O,
nanoparticles into the PDMS layer. Initially, an assembly of polystyrene micro-
spheres was coated onto the substrate. Then Fe;04 nanoparticle solution was added
to the mixture of PDMS prepolymer and curing agent, and the mixture was spread
on the polystyrene colloidal crystals template to fill the void spaces among colloidal
particles. It was then cured in an oven at 70°C for 3 h. The Fe;04-PDMS film
elastomer was carefully peeled off from the mold after curing and polystyrene
(PS) microspheres were dissolved by immersing PDMS composite elastomer in
toluene for approximately 4—6 h. Later, the porous PDMS film was fluorinated by
using trichloro(perfluorooctyl)silane and Krytox 100 was infiltrated into fluorinated
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substrate by a wetting apparatus, where the excess lubricant was removed by drying
with tissue paper. The slippery lubricant was locked in the porous structures and
formed a defect-free interface with efficient water repellency to impede water vapor
condensation and reduced the ice adhesion strength down to 150 kPa at —15°C. A
procedure similar to the method given in [45] was used for the anti-icing tests. Ice
accretion tests were also carried out in an icing instrument where 5-pL droplets
were sprayed onto the samples for 120 min via an array of micro-syringe needles
under —5°C air temperature and the impact height of the droplets was set at about
10 cm. Only photographs of the samples were given. The laser-induced
photothermal burning to enhance the ice removal capability of the accumulated
ice was also tested [61]. The integration of LAAS and thermogenesis into a single
surface was proposed to be a novel icephobic and deicing strategy to maximize the
efficiency of external energy. The photothermal defrost and deicing tests were
investigated in a <—5°C and RH ~ 70% environment, where a near-IR laser
(808 nm, 1 W) was shone onto the samples. It was found that the ice melting ability
depends on both the laser light density and the concentration of Fe;O,4 nanoparticles
in the coatings. Although original, the authors accepted that this multi-step proce-
dure was at its conceptual stage and very complex [61]. In addition, the use of a
near-IR laser for deicing large areas does not seem to be a feasible method.

5.1.9 Krytox GPL 103 Lubricant on Heptadecafluorodecyl
Trimethoxysilane Microstructured Silicone Rubber

A one-step electrospray method coupled with phase separation was applied to prepare
heptadecafluorodecyl trimethoxysilane fluorinated and hierarchically microstruc-
tured high temperature vulcanized silicone rubber substrates which were infiltrated
with two perfluorinated lubricants (Krytox GPL 103 and a perfluoropolyether) to
form an LAAS [62]. Lubricant retention behavior, contact angle hysteresis, ease of
frost formation, delay time for ice formation, simulated rainfall tests, and ice adhesion
strength were investigated on these LAAS. The authors reported that when the
lubricant covers the surface completely, it can reduce the heterogeneous nucleation
and frost propagation velocity. The ice adhesion strengths of these LAAS were found
to be one to two orders of magnitude lower than on the conventional surfaces.
However, ice adhesion strengths increased from ~ 40 kPA to ~1,000 kPA with
increasing lubricant loss during the frosting/defrosting cycles [62].

5.1.10 Variety of Hydrophobic and Hydrophilic Lubricants
on Hydrophobic Polypropylene (PP) and Hydrophilic Filter
Paper

Ozbay et al. pointed out that the ice accretion performances of LAAS have not been
reported previously as a function of the type of lubricants used [65]. They tested
Fluorinert FC-70, polyalphaolefin, silicone oil, and decamethylcyclopentasiloxane
as hydrophobic lubricants and water, ethylene glycol, formamide, and



74 H. Yildirim Erbil

water—glycerine mixtures as hydrophilic lubricants. These lubricants were impreg-
nated into hydrophobic PP and hydrophilic cellulose-based filter paper surfaces
[65]. The ice accretion, drop freezing delay time, and ice adhesion strength prop-
erties of these surfaces were examined. After equilibrium in a chamber at —10°C
and 58 + 3% RH, 24-pL water droplets were injected onto test surfaces by a
motorized syringe. Tap water was used instead of ultrapure water to prevent the
unexpectedly rapid freezing of the droplets caused by the instability of the
supercooled pure water. Drop freezing times were recorded when a droplet became
translucent and reported as the average of ten measurements.

For the ice adhesion tests, 50-puL water droplets were placed on the test surface at
room conditions, and the samples were kept in a deep freezer at —30°C for 15 min.
After freezing of the drop, the sample was moved to a climatic chamber at —10°C
and 58 + 3% RH where a tensiometer and micrometric-controlled 2D placer was
previously located and cooled. The force required to detach each frozen water drop
on the sample was measured by propelling the probe of an analogue force trans-
ducer horizontally into the side of the frozen water drop at a constant velocity of
roughly 0.25 mm/s using a manually controlled 2D placer. The probe was located
less than 1 mm above the substrate surface to minimize torque on the ice. The value
of applied maximum force at the break moment of the ice drop was recorded. An
indirect method was applied to filter paper impregnated surfaces: Frozen 50-pL
droplets were formed in the deep freezer at —30°C and then placed onto the
hydrophilic liquid swollen filter paper in the climatic chamber and kept there for
15 min to maintain ice adhesion with the substrate. The same dynamometer force
test was then applied again. The details of the ice accretion measurements are given
in Sect. 7 [65]. Results are given in Table 2 with some conventional reference
surfaces such as aluminum, copper, PP, and PTFE. As seen in Table 2, the best
results for the ice accretion tests at —2°C and 56-83% RH were obtained by using
hydrophilic lubricants (especially a water—glycerine mixture) rather than hydro-
phobic lubricants.

Table 2 Ice accretion values with standard deviation, and ice adhesion values with standard
deviation on some substrates [65]

Ice accretion Ice adhesion
Substrate sample (g/mz) (kPa)
Copper plate 1,006 + 49 1,217 £ 34
Aluminum plate 880 £ 30 731 £+ 53
PTEFE sheet 742 £ 33 268 + 13
Silicone oil impregnated filter paper 901 £ 15 133 £9
Water impregnated filter paper 815 £ 20 -
Fluorinert FC-70 impregnated filter paper 498 £+ 17 16 £3
Water—glycerine mixture (85 wt% glycerine) impregnated 266 £ 14 16 £3
filter paper
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5.1.11 Fluorinert FC-70 Lubricant on Hydrophobized SiO,
Nanoparticles in PMMA

Xiong and coworkers fabricated an SHS by spraying a suspension consisting
of hydrophobized SiO, nanoparticles and poly(methyl methacrylate) (PMMA) in
THF solvent onto substrates. An LAAS was formed by infusing the perfluoro-
tripentylamine (Fluorinert FC-70) lubricant onto the SHS. A water droplet could
slide on this prepared LAAS, even at —20°C [120].

5.1.12 Heptacosafluorotributylamine Lubricant on Graphene
Nanoribbon Film

Tour and coworkers developed both passive and active anti-icing coatings by using
a perfluorododecylated graphene nanoribbon film [121]. Multi-walled carbon
nanotubes, 1,2-dimethoxyethane, liquid Na/K alloy, and 1-iodoperfluorododecane
were used to prepare the substrate material, which was dispersed in chloroform by
bath ultrasonication, sprayed onto polyimide films (Kapton, DuPont) and glass
slides, and then heated to 90°C on a hot plate. This superhydrophobic coating
prevented freezing of incoming ice-cold water down to —14°C. When the
heptacosafluorotributylamine lubricant was added onto this surface, an LAAS
was formed which improved the film’s deicing performance and energy efficiency.
Ice quickly started to mobilize by gravity when the ice at the interface was melted
by Joule heating, as seen in Fig. 5 [121]. Only photographs were supplied where ice
is still left on the lubricated surface after de-icing. Before the infiltration of the
lubricant, the application of ~12 V was enough to keep the film at —14°C when the
ambient temperature was —32°C, and if a higher voltage (~40 V) was applied, the
film temperature could be kept at 30°C, even though the environmental temperature
was —32°C. After the addition of the lubricant, the deicing process proceeded faster

without lubricants with lubricants
before
de-icing
after
de-icing

Fig. 5 Photographs of the film without lubricating liquid: (a) before and (b) after active deicing
by resistive heating. Photographs of the film with lubricating liquid: (c) before and (d) after active
deicing by resistive heating. All the scale bars are 1 cm. (Reproduced with permission from Chang
et al. [121]. Copyright (2016) American Chemical Society)
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and saved more energy with the entire piece of ice falling off by gravity at —32°C.
The coating became icephobic again when the film was electrically heated at a
power density of 0.3 W/cm? or kept above 50°C on a hot plate for 10 min [121].

5.1.13 Krytox and Silicone Qil Lubricants on Carbon Nanofibers
Dispersed in Fluoroacrylic Copolymer

Megaridis and co-workers investigated the behavior of electrically conducting
superhydrophobic and LAAS coatings infiltrated by fluorinated lubricant (Krytox)
and silicone oil for frosting/defrosting cycles by Joule heating for several hours
[122]. The coatings were deposited by spraying carbon nanofibers dispersed in a
fluoroacrylic copolymer dispersion in water (Capstone ST-100, DuPont).
Fluoroacrylic copolymer was a low surface-energy hydrophobic material and the
carbon nanofibers provided hierarchical microstructure-nanostructures and also
electrical conductivity. The thermal properties of the lubricant were found to play
little to no importance once a thick layer of frost formed on the sample surface at
—7.5°C and 80% RH conditions because of the strong thermal resistance of the
thick (millimeter-scale) frost layer. Both frost coverage and frost weight increase
were measured. When periodic thermal defrosting was applied, the dominance of
the thermal resistance of the thick frost layers formed over prolonged periods was
overcome. The pulse heating approach showed an energy savings of 20-30% over
the method where the frost deposited over long periods was melted by applying
heating once [122].

5.2 Surfaces Formed with Silicone Liquids

Instead of perfluorinated oil lubricant, other suitable liquids such as silicone
oils were also applied as lubricant on LAAS [51, 52, 55, 56, 60, 63, 64, 108-110,
122, 126].

5.2.1 Silicone Oil or Ionic Liquid on Silicon Microposts Coated
with Hydrophobized Nanograss

In 2013, Varanasi and co-workers prepared textured substrates consisting of a
lithographically patterned silicon micropost array which was coated with
octadecyltrichlorosilane and finally dip coated with silicone oil as the lubricant to
obtain LAAS [51]. Silicone oil has a zero contact angle on the flat hydrophobic
substrate and spreads completely; thus the silicone lubricant film encapsulating
the solid texture was stable and no textures emerged from the lubricant film.
However, the water droplets on this LAAS caused cloaking of the silicone oil by
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encapsulating the water droplets on the surface, and silicone oil losses occurred
during the shedding of water droplets. No anti-icing tests were carried out in this
work [51].

5.2.2 Silicone Oil and Tetramethyl Tetraphenyl Trisiloxane
on Hydrophobized Silicon Microposts

In another study, Varanasi and co-workers used silicon microposts fabricated by
photolithography, consisting of periodic silicon 10 pm square microposts with
inter-post spacings of 5, 10, 25, and 50 pm and coated with octadecyltrichlorosilane
through liquid deposition [52]. These substrates were then dip coated with two
silicone lubricants, silicone oil and tetramethyl tetraphenyl trisiloxane (DC704-
Dow Corning), which have positive and negative spreading coefficients on the flat
octadecyltrichlorosilane-coated surfaces, respectively. The ice adhesion strength of
the highest-texture density LAAS was found to be about four to five times smaller
than that of a smooth surface coated with octadecyltricholorosilane. Silicone oil,
which can cover the post tops during drop freezing, resulted in low ice adhesion
strengths, much better than the tetramethyl tetraphenyl trisiloxane lubricant which
allows the exposure of post tops. It is known that lubricant losses occur between the
textures because of water droplet cloaking together with evaporation to air and
mechanical body forces. When the quantity of the lubricant decreased by any one of
these mechanisms and the formed ice was able to be in complete contact with the
post tops of the surface, then a relation with the corresponding ice adhesion strength
and the surface texture was observed. Ice adhesion strength on the LAAS was found
to decrease with increasing texture density [52].

5.2.3 Silicone Oil on Cross-Linked and Nano-SiO,-Containing PDMS
Coating

Zhu et al. prepared silicone-oil-infused PDMS coatings for anti-icing applications
[56]. The authors suggested that PDMS has a very large free-volume at ambient
temperature, which would act as a void to accommodate the infused silicone oil.
They synthesized a two-part curable PDMS resin by using cyclotetrasiloxane,
methyldisiloxane, and divinyldisiloxane components and mixed them with nano-
SiO, to produce a nanoscale surface roughness. The mixed silicone resin was
coated onto an aluminum plate or a Teflon disk using a spin-coater to produce a
smooth surface. The coated samples were kept in an air chamber overnight to
remove any residual small molecules and then cured using a pre-determined
temperature sequence (30 min at 25°C, 45 min at 75°C, and 135 min at 150°C).
Ice formation time and ice accretion was tested by using droplets with a volume of
15 pL to simulate freezing rain. However, no ice mass increase was reported. When
20-40-wt% silicone oil was impregnated into LAAS, the ice adhesion tensile
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strength was only about 5% of the value for the bare aluminum surface, and the ice
adhesion shear strength decreased from 1,200 to 40 kPa [56].

5.2.4 Silicone Oil on Thin Acrylic Organogel Coatings Formed
on Various Substrates

Jiang and co-workers fabricated organogel-based silicone oil-infused surfaces by
applying free radical copolymerization of butyl methacrylate and lauryl methacry-
late monomers on various substrates, including silicon wafers, microstructured
silicon posts, aluminum, copper, and iron [55]. Initially the substrates were incu-
bated in methanol containing 3-(trimethoxysilyl) propyl methacrylate to generate
an alkene-terminated surface before polymerization, and later an organogel film
with a thickness of about 30 nm was formed on the substrate. This thin film not only
absorbed silicone oil but also held it in the cross-linked network with increased
thickness to about 110 nm. The authors reported that a water droplet of 8 mg could
easily slide off a swollen organogel-modified silicon wafer with sliding angle of 5°
and no sliding was observed on the organogel-modified silicon wafer without
absorbing oil. The critical sliding angle increased with increasing viscosity of
absorbed silicone oil and the easy-sliding property of the water droplets on these
organogel-modified surfaces exhibited good self-cleaning. This was demonstrated
with the use of sand dust (5—170 pm) as the material to be cleaned on the samples
where the tilt angle of the plates was 10°. The authors also explored the influence of
surface microstructure on droplet sliding ability using a series of regular arrays of
square silicon microposts which were then modified with the organogel film and
swollen with low viscosity silicone oil. They found that the critical sliding angles of
the water droplets increased with the increase in spacing between the silicon
microposts, showing that nanoscale roughness was favorable to obtain easier
sliding whereas microscale roughness was not good for easy sliding. However, no
anti-icing tests were reported for any of these LAAS samples [55].

5.2.5 Liquid Paraffin Oil on Cross-Linked PDMS Coating

In another study, Jiang and co-workers developed an anti-icing coating by swelling
cross-linked PDMS networks (Sylgard 184, Dow Corning) with warm liquid
paraffin [63]. The polymer network absorbed and held the paraffin that was not
removed during the shed off the accreted ice. Cured PDMS was cut into square
pieces and immersed into a warm paraffin bath for at least 7 h. Then the swollen
PDMS pieces were cooled and excess paraffin on the surface was removed. A liquid
layer was formed on the surface of prepared LAAS by diffusion from inside after it
was kept overnight. The ice adhesion strength of the samples was tested by an XY
motion stage with force transducer using a probe velocity of 0.5 mm/s. In order to
prepare the ice columns, 1 mL ultrapure water was syringed into a glass cuvette
(10 x 10 x 25 mm) on the organogel sample surface when the cooling stage
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reached a desired temperature. Ice columns were kept at the same temperature for
5 h to ensure full contact between the ice and the substrate. A nitrogen gas flow with
a low flow rate was utilized to purge the environment continuously in an effort to
avoid water vapor frosting onto the substrate. The contact area between the ice and
the substrate was 1 cm”. The shear forces of nine samples were measured for each
temperature. Ice adhesion strength remained in the range of 1.7 + 1.2 to
5.8 £ 1.8 kPa between —20 and —60°C. The ice adhesion strength on the sample
that was measured at —30°C showed very little increase after 35 cycles of icing/
deicing. In addition, the service lifetimes of the samples were long, and ice
adhesion remained less than 10 kPa, even after exposing the samples to sunlight
for 100 days at ambient environment [63].

5.2.6 Silicone Oils, Aliphatic, Aromatic Hydrocarbons and Silanes
on Transparent Organogel PDMS Coating

Hozumi and coworkers pointed out that coatings that can autonomously provide
functional liquids (lubricating, anti-freezing, etc.) at the topmost surface under
specific conditions can be a solution for passive anti-icing [64]. They prepared
novel self-lubricating transparent organogels that are capable of spontaneously
releasing liquids from inner gel matrices to their outer surfaces when triggered by
a change in the surrounding temperature (syneresis). Cross-linked PDMS (Sylgard
184 silicone elastomer) was prepared in the presence of several liquids such as
aliphatic and aromatic hydrocarbons, silanes, and siloxanes. For specific swelling
liquids, a liquid layer was continuously formed on the topmost of the PDMS gel
surfaces because of syneresis. Although the weight of the gel samples continued to
decrease gradually, they exhibited good long-lasting syneresis behavior in the case
of silicone oils, even after being left in air for 3 months. An ice adhesion test was
performed by freezing water (15 mL) at —15°C in the freezer for 6 h in a PP tube
(diameter 24 mm, height 55 mm) placed on top of the sample. A home-made ice
adhesion strength tester was used, which was equipped with a Peltier cooling stage.
The ice adhesion strength was measured by pushing the ice pillar with a stainless
pole with a load cell. A thermoresponsive syneresis-organogel synthesized with the
addition of 25% TSF437 (polymethylphenylsiloxane) showed a very small adhe-
sion force (ca. 0.4 kPa) between the ice and the organogel surface (no peak of
maximum sharing force was observed during the experiment). It was claimed that
this value is far smaller than that of any anti-icing LAASs reported so far
(ca. 15 kPa). An ice pillar which formed on the organogel could slide off a slightly
inclined surface, even at —15°C [64]. However, there was no report on the perfor-
mance of these swelled gels after freezing/defrosting cycles. In addition, there was
no report on the ice adhesion strength increase with the decrease of the organic
liquid content in the PDMS gel.
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5.2.7 Various Lubricating Liquids on Cross-Linked PDMS Coatings

Cross-linked PDMS gels with good mechanical properties have resulted in very low
ice adhesion strength down to 5 kPa in recent studies [108—110, 126]. Trimethyl
terminated-PDMS, vinyl-PDMS, and hydride-PDMS were used to obtain a PDMS
gel giving ultra-low ice adhesion strength [109]. Similarly, Golovin et al. fabricated
a series of different icephobic gels using PDMS, PU rubbers, fluorinated PU
polyols, and perfluoropolyethers. These elastomeric samples were impregnated
with either silicone, Krytox, vegetable oil, cod liver oil, or safflower oil to enable
interfacial slippage with ice and produced ultra-low ice adhesion strength values of
9-0.2 kPa [110]. Yeong et al. obtained an oil-infused PDMS elastomer by repli-
cating microtextures from a laser-irradiated aluminum substrate. They showed that
an infusion of silicone oils with viscosity at 100 cSt at levels below 8 wt% in the
PDMS solution was sufficient to reduce the ice shear strength from 115 kPa to an
average of 38 kPa [126].

5.3 Surfaces Formed with Hydrophilic Liquids

Inspired by ice skating, water and other hydrophilic liquids were used as lubricants
to prepare new LIS for anti-icing applications [54, 57, 58, 65]. It is well-known that
a liquid-like water film forms on the ice surface and this film substantially decreases
the adhesion strength between the skate blades and ice, enabling the skaters to move
on the ice surface easily [127]. Ikeda-Fukazawa et al. have proposed that the water
molecules at the liquid film surface are different than water molecules in the bulk
[128]. The molecular layers at the surface adopt a more amorphous reconstruction
in response to the reduced number of chemical bonds holding the surface water
molecules in place. Atoms in the outermost surface vibrate with greater amplitude
as a function of temperature than atoms in the interior lattice, and surface melting is
attributed to the interaction of the vibrational motion of the surface water molecules
with the interior bulk water molecules [128].

5.3.1 Water on Cross-Linked Hygroscopic Poly(Acrylic Acid) Layer
Grafted on Patterned Silicon Wafer Surfaces

Jiang and coworkers suggested using this liquid-like water layer as a self-
lubricating liquid in a novel LAAS and fabricated an anti-icing coating with a
liquid water layer [54]. For this purpose, cross-linked hygroscopic poly(acrylic
acid) was grafted inside the micropores of photolithographically patterned silicon
wafer surfaces. Silicon patterns were treated with a piranha solution,
3-(methacryloxy propyl-trimethoxy silane) was attached on the hydroxylated sili-
con wafers, and then cross-linked poly(acrylic acid) was grafted onto the silanized
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surface by free radical polymerization. The hygroscopic polymer network inside
the micropores deliquesced and swelled because of water absorption or condensa-
tion at low temperatures. After enough water was absorbed, the water swollen
polymer network inside the micropores bulged out of the micropores and merged
together because of molecular attractions between the water molecules, forming a
self-lubricating liquid water layer as seen in Fig. 6. The setup for measuring the ice
adhesion shear strength consisted of an XY motion stage, a force transducer, a home
built cooling stage, and water-filled cuvettes that were frozen onto the test surfaces.
The cooling stage with the cuvettes atop of it was placed in a closed box, which was
purged with nitrogen gas to minimize the frost formation outside the cuvettes. The
test was carried out after the pure water in the cuvette was kept at —15°C for 5 h,
which ensured that the water froze completely. The probe of the force transducer
was then pushed to the ice columns at a speed of 0.5 mm/s and the peak force
required to detach each ice column was measured. Ice adhesion on this water-
swollen polymer network surface was measured as 55 + 15 kPa. The authors
measured the ice adhesion on SHSs obtained by treating micropore arrayed silicon
wafer surfaces with heptadecafluoro-1,1,2,2-tetradecyl-trimethoxysilane as
1192 + 195 kPa. A narrow ice column formed by freezing water on these surfaces
was blown off by a strong breeze generated in a wind tunnel. Ice adhesion strength
remained almost the same (67 £ 8 kPa) as the temperature was lowered from —15
to —25°C, but it increased sharply and reached 1156 4 152 kPa around —30°C,
indicating the disappearance of the self-lubricating liquid-like water layer by phase
transition to ice [54].

5.3.2 Water on Hydrophilic PU Surfaces

Later, Jiang and co-workers replaced the micropatterned silicon wafer template
with a PU coating for a mechanically robust anti-icing coating with an aqueous
lubricating layer [57]. However, the synthesis of the coating was multi-step and
complex: a hydrophilic component, dimethylol propionic acid, of the PU was
obtained from the reaction of toluene 2,4-diisocyanate and poly(neopentyl glycol
adipate). Neopentyl glycol and triethylamine were reacted to obtain the PU
anionomer which was dispersed in water. Chain extension was achieved by reacting
with isophorone diamine. Finally, mixtures of PU, hexamethylene diisocyanate
curing agent, and y-butyrolactone were spin-coated on the substrate, and then this
film was thermally cured at 110°C for 11 h to fabricate the anti-icing coating.
Hydrophilic pendant groups were introduced into the PU coating structure to absorb
water in humid environments, forming a lubricating water layer on the surface even
at subzero environments. This coating was applied to various substrates such as
metals, metal alloys, ceramics, and polymers, and the ice adhesion strength on these
surfaces was found to be around 25 + 4 kPa. The aqueous lubricating layer was
experimentally determined to exist down to as low as —53°C. A thin ice column,
three times higher than wide, formed on this surface can be blown off by a strong
breeze in a wind tunnel [57].
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Fig. 6 (a) Schematic illustration of the preparation of the self-lubricating liquid water layer
surface. (1) Fabrication of micropore arrayed silicon wafer surfaces via a photolithographic
process. (2) Grafting the micropore arrayed silicon wafer surfaces with cross-linked hygroscopic
polymers. (3) Self-lubricating liquid water layer forms on micropore arrayed silicon wafer surfaces
when condensation or deliquesce occurs. Inset is the magnified image of self-lubricating liquid
water layer. (4) Ice formation atop of the self-lubricating liquid water layer. (5) Ice shed off with a
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5.3.3 Water on a Hydrophilic Coating Formed from Hyaluronic Acid
and Dopamine

Wang and coworkers used hyaluronic acid and dopamine to synthesize an anti-icing
coating with an aqueous lubricating layer on the top of the surface [58]. Hyaluronic
acid contains carboxyl and hydroxyl groups and has moisture-retention ability,
whereas dopamine can adhere onto most organic and inorganic surfaces because
of its nonselective adhesive property.

Dopamine was coupled to the carboxyl groups of hyaluronic acid by soaking in a
catalyst containing phosphate-buffered saline solution for 10 h. The copolymer was
applied onto metal, alumina, ceramic, and polymer surfaces. Water is absorbed onto
the surface when the temperature is lowered, allowing the polymer to swell at the
surface. A minimum ice adhesion strength value of 61 kPa was measured when the
copolymer film thickness was 20 nm. Further increase of the film thickness of the
anti-ice coating had an adverse effect and resulted in stronger ice adhesion to the
surface [58].

5.3.4 Water on Superhydrophilic Polyelectrolyte Brush Coatings

Chernyy et al. investigated the possible use of superhydrophilic polyelectrolyte
brush coatings for anti-icing applications and reported that they exhibit better anti-
icing properties at —10°C compared to partially hydrophobic brushes such as
PMMA and surfactant exchanged polyelectrolyte brushes [123]. Ionizable groups
were introduced to incorporate 13 mono-, bi-, and trivalent ions by ion exchange.
All polyelectrolyte coatings demonstrated significant reduction in ice adhesion by
20-80% at —10°C from 370 kPa down to 100 kPa, depending on ion type. Ice
adhesion was reduced by approximately 40% at —18°C from 560 kPa down to
320 kPa when Li" ions were used [123].

5.3.5 Propylene Glycol on a Bilayer Coating Made of Nylon
66 Membrane and Hydrobead Superhydrophobic Layers

Rykaczewski and co-workers drew inspiration from a poison dart frog that secretes
mucus from its dermis to remain hydrated on its epidermis (skin) to develop a
bilayer anti-icing coating that prevents accumulation of frost, rime, and glaze forms
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Fig. 6 (continued) wind action. (b) Preparation process of the micropore arrayed silicon wafer
surface impregnated with cross-linked poly(acrylic acid) (PAA). Top view SEM images of
representative micropore-arrayed silicon wafer surface: (c) before and (d) after being grafted
with cross-linked hygroscopic polymers. Insets are the fracture-view SEM images of (c) and (d).
(Reproduced with permission from Chen et al. [54]. Copyright (2013) American Chemical
Society)
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of ice by responding to its presence with secretion of antifreeze liquid from the
so-called “dermis” layer [71]. In practice, the “dermis” layer was a nylon 66 mem-
brane (0.45 pm pore size, 47 mm diameter) impregnated with propylene glycol
antifreeze and the “epidermis” layer was a superhydrophobic layer formed on the
nylon layer by spraying the commercial “Hydrobead” superhydrophobic water
repellent coating to a thickness of 20—-100 pm. This bilayer coating consisted of a
porous superhydrophobic “Hydrobead” layer at the top and a nylon layer that was
infused with propylene glycol antifreeze that allowed the wicking of antifreeze
through it to the upper layer. The outer superhydrophobic layer served as a barrier
between the antifreeze and environment to shed large sessile drops, whereas the
antifreeze present in the nylon layer responded to ice formation by wicking up of
the stored propylene glycol. When condensation frosting or droplet impact occurred
on the upper surface, water diffused downward through the pores of the
superhydrophobic layer and this process initiated the wicking of propylene glycol
upward after the water contact.

The addition of the propylene glycol antifreeze dramatically improved the
performance of the surface in freezing rain conditions and slowed both the icing-
onset time and complete icing time over the surface by about 1,000-2,000% (i.e.,
30-60 min vs <3 min) as compared to samples not impregnated with propylene
glycol (PG). For the condensation frosting experiments, addition of the Hydrobead
epidermis slowed both the icing onset and complete icing over of the surface by
about 133% compared to Nylon + PG (additional 2040 min) and by at least
1,600% compared to all other samples (i.e., 80 min vs <5 min). Only a thin frost-
like layer formed on this surface instead of the large ice crystals that formed on
others. Moreover, icing onset during the misting experiments was delayed by the
presence of the antifreeze by about 600% (i.e., 30 min vs <5 min) on both the
antifreeze infused coatings when compared to the rest of the samples [71].

In another study, Rykaczewski and co-workers investigated the formation of
frost-delaying areas by using the formation of macroscopic drops of propylene
glycol and salt-saturated water on a surface [129]. It was previously shown that an
individual salt-saturated water microdroplet can form a region of inhibited conden-
sation and condensation frosting (RIC) in its surrounding area. This can occur
because salt-saturated water is hygroscopic and has a water vapor pressure at its
surface lower than the water saturation pressure at the substrate [130].

Rykaczewski and co-workers reported that the absolute RIC size can remain
essentially unchanged for several hours for macroscopic drops of propylene glycol
and salt-saturated water. Additionally, frost formation can be completely inhibited
between microscopic and macroscopic arrays of propylene glycol and salt-saturated
water drop