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Advances in Hybrid Icing and Frosting Protection
Strategies for Optics, Lens, and Photonics in Cold
Environments Using Thin-Film Acoustic Waves

Hui Ling Ong, Zhangbin Ji, Luke Haworth, Yihao Guo, Jaime del Moral, Stefan Jacob,
Ana Borras,* Agustin R. Gonzalez-Elipe, Jikai Zhang, Jian Zhou,* Glen McHale,

and Yong-Qing Fu*

Fogging, icing, or frosting on optical lenses, optics/photonics, windshields,
vehicle/airplane windows, and solar panel surfaces have often shown serious
safety concerns with hazardous conditions and impaired sight. Various active
techniques, such as resistive heating, and passive techniques, such as icephobic
treatments, are widely employed for their prevention and elimination. However,
these methods are not always suitable, effective, or efficient. This review provides
a comprehensive overview of the fundamentals and recent advances of trans-
parent thin-film surface acoustic wave (SAW) technologies on glass substrates for
monitoring and prevention/elimination of fogging, frosting, and icing. Key
challenges related to fogging and icing on glass substrates are discussed, along
with fundamental mechanisms that establish thin-film SAWs as optimal solution
for these issues. Various types of thin-film acoustic wave technologies are dis-
cussed, including recent wearable and flexible SAW devices integrated onto glass
substrates for expanding future applications. The focus of this review is on the
principles and strategies for hybrid or integrated de-fogging/de-icing and sens-
ing/monitoring functions. Finally, critical issues and future outlooks for thin-film-
based SAW technology on glass substrates in industry applications are
presented.

1. Introduction

Glass is commonly utilized in windows,
mirrors, lenses, and optics,[lf‘q with merits
of relatively low-temperature coefficient
of frequency, good optical transparency,
and high light transmission performance
(>80%).1>~) Major issues in cold environ-
ments for glass-based components include
fogging, condensation, icing, and frosting,
particularly in high humidity and water
condensation conditions, with surface tem-
peratures at or below the dew point.#
For example, significantly reduced vision,
foggy, or smog conditions pose great risks
to safety and health, compromising
people’s travel ability and overall well-
being.'*'% Severe weather conditions
often lead to the build-up of condensation,
ice, and snow on the surfaces of lenses,
optical components, and photonic devi-
ces.?” This can lead to unwanted changes
in optical properties, poor operability, and
severe safety risks.®'!] On another matter,
efficiency/performance of the photovoltaic
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Figure 1. Hybrid active and passive technologies for fogging and icing
mitigation applications on glass.

(PV) modules and power generation systems such as wind
turbines or cables become deteriorated when fogging, frost,
and ice gradually build up on their surfaces.®*~%*!

As illustrated in Figure 1, numerous passive (e.g., surface
modifications or coatings) and active (e.g., energetic or chemical
activation) strategies have been applied to minimize surface
accretions brought on by fogging, frosting and icing. Taking
fogging as an example, there are different approaches for
its removal, which can be classified as warm or cold fog
elimination.'®'”-2*-8] Fogging happens quickly at temperatures
over 0°C (known as warm fogging), and the procedures for
removal generally need external energy methods, such as
heating, or dynamic perturbation i.e. mechanical methods.
Alternative passive anti-fogging methods rely on seeding
hygroscopic particles™®728 and employing photothermal
plasmonic approaches.”>*”! When the temperature falls below
0°C, cold fogging becomes dominant and mostly consists of
water droplets, which usually result in a phase change in the
fog (e.g., the formation of ice crystals in fog).'*'”'*! One typical
active approach to dealing with cold fog is to utilize refrigerants,
which are detrimental to the environment.'*'”-*-%| Many other
active methods of fog removal, such as localized electrothermal
heating, tend to have poor efficiency and large power consump-
tion or represent pollution issues.!*®’!

Using superhydrophobic and icephobic surfaces to lower solid
surface energy and water—ice adhesion is one of the most signif-
icant passive anti-icing strategies, as shown in Figure 1.01531-330 p
has been demonstrated that in comparison to hydrophilic or neu-
tral wetting surfaces, superhydrophobic surfaces (SHS) with
large contact angles significantly postpone droplets’ freezing
on the surface substrate.*'**%3* Unfortunately, in addition
to their poor mechanical and adhesive issues, these superhydro-
phobic layers have potential durability issues.*>”! A number of
functional treatments, some of which are often used for glass
surfaces, have been studied in the past for ice mitigation.?**!!
However, the use of these surfaces does not always seem to
reduce ice adhesion or improve icing protection or to provide
a long term performance.*?
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Figure 1 also shows active de-icing techniques utilizing exter-
nal energy sources such as heating, mechanical vibrations, pneu-
matic boots, and ultrasonic waves.***"! However, ice mitigation
using these technologies sometimes needs a significant amount
of energy or is difficult to apply to substrates such as glass.l*”)
One of the key challenges of mitigation methods on glass is that
most passive or active methods could affect the optical perfor-
mance of the components. Another critical issue is that many
active or passive methods, such as mechanical, chemical, or elec-
trical methods,®”! increase the risk of glass fracture, may damage
the surfaces of optical components, or increase the surface
roughness of glass, all of which have negative influences on
mitigation efforts or compromise the optical properties of the
transparent material.**”) Therefore, it is essential to look for
alternative ice mitigation methods to apply ice protection meas-
ures in a manner that is highly effective and environmentally
benign.

Because of its many benefits, surface acoustic wave (SAW)
technology has recently emerged as a suitable active methodol-
ogy, with extensive applications in microfluidics, sensing, com-
munications, medical, and lab-on-a-chip (LOC).[**>" SAW-based
microfluidics are effective in fulfilling pumping, jetting, nebuliz-
ing, and manipulating liquid media and microparticles inside
liquids.®>** SAW sensing has been widely applied for monitor-
ing physical, chemical, and biological variables, including
respiration/breath detection, optical/light sensing, gas sensing,
humidity sensing, and ultraviolet (UV) sensing.**>>>% It has
also been recently reported for fogging and icing detection.[*®>”!
Applying SAWs can significantly lower operation costs and sys-
tem complexity due to advantages such as integration, remote/
wireless functions, and effectiveness.”®°% With respect to other
active de-icing methods (see Figure 1), excitation by SAW
presents potential advantages in terms of a more straightforward
integration onto glass substrates, little energy consumption, eas-
ier processability, and the possibility to provide both sensing and
actuation functions, enabling a smart actuation mode indepen-
dent on human intervention.

Most acoustic wave (AW) devices are made of bulk piezoelec-
tric materials. However, they are often expensive, tedious to fab-
ricate or operate, and challenging for microelectronics and optics
integration.>>®* Moreover, they become exceedingly fragile and
weak when polished into thin and small structures for certain
applications, such as high-frequency and flexible ultrasonic devi-
ces.5>%4 Recently, piezoelectric thin films-based SAW devices,
such as those integrating zinc oxide (ZnO), aluminum nitride
(AIN), or lead zirconate titanate (PZT), have been thoroughly
studied for various applications.’>*? These piezoelectric film-
based SAW devices can be readily produced on glass substrates
to form transparent AW structures and provide disposable,
bendable/flexible acoustofluidics or sensing devices,®*~>! as well
as integrated systems such as LOCs.P*?*!

Currently, there have been some initial studies using active
methods including thin-film SAWSs on aluminum substrate or
bulk ceramic of lithium niobate (LiNbOs) for anti-fogging and
de-icing purposes.*7" However, few studies have been focused
on using thin-film-based SAW devices on the glass substrates for
these applications.”"”% For potential optics and window applica-
tions, there are also other transparent substrates commonly
used, including plastics, composites, or laminates. However, this

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

85US017 SUOWILIOD 3A 81D 3|t jdde 8y} Aq paueAob 8e Sspie VO ‘88N JO S9N Joy A%eiq 1 8UlJUO AB]1/M UO (SUOIPUOD-PUR-SLLBY/WOD A8 | 1M AReiq)1BU1|UO//SANY) SUORIPUOD PUe SWIS | 83 38S *[9202/T0/.2] Lo ARiqiauliuo Ae|im ‘Ariqi AiseAuN 8BpLgwed Aq 6£T20r202 Wepe/z00T OT/I0p/Wod A8 M AReiq 1 ul|uo psoueApe//SANY WO1j papeo|umod ‘€T ‘G202 ‘8792.2ST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

review article will focus on glass substrates because sound trans-
mission on those other substrates is not as effective due to the
severe wave energy dissipation.”®! There are many key issues for
these thin-film SAW technologies on the glass substrates, includ-
ing elucidation of mechanisms of de-fogging or de-icing on glass,
compatibility of passive methods such as a hydrophobic surface
treatment with SAWs, and its efficiency, effectiveness, scalability,
and industry scale production./”?!

This review article summarizes the principles of thin-film
AWs, SAW sensing, and acoustofluidics on glass substrates
for anti-fogging and anti-/de-icing techniques. Firstly, we outline
the main difficulties and challenges posed by the fogging and
icing problems on glass substrates, describing basic principles
of current technologies applied for this purpose, and reviewing
how thin-film SAWs are used in these situations. Next, we
explore possible applications of these thin-film devices on glass,
introducing recently developed wearable and flexible transparent
SAW devices. Different thin-film AW modes generated on the
glass substrates are explained. Further discussions are primarily
concentrated on the ideas and strategies for de-fogging and de-
icing, along with the sensing and monitoring methods utilized in
industry practices. Finally, the key issues and potential uses of
thin-film-based SAW devices on glass substrates for icing and
fogging applications are discussed for future prospects.

2. Fundamentals of Strategies for Preventing
Fogging/Icing on Glass

2.1. Passive Technologies for Fogging and Icing Issues on Glass

Passive technologies are aimed at modifying the surface proper-
ties of glass to either delay the ice formation when supercooled
water droplets are impinging onto the surface or decrease the ice
adhesion strength once ice aggregates are formed on the surface.
There is not a unique strategy to promote any of these functions.
Some procedures entail the modification of wetting properties of
the glass surfaces to make them hydrophobic or superhydropho-
bic. However, superhydrophobicity is not always synonymous
with efficient icephobicity.”*”*! From a physical point of view,
the common approach applied is to decrease the surface energy
or ice adhesion on the glass substrate. In general, modifying the
surface roughness and/or tailoring the surface composition
are two strategies to achieve some of these properties and
functionalities.

Various passive fogging protection techniques, especially
those integrating micro- and nanoscale textures with different
levels of wettability and hygroscopic patterns, have been com-
monly applied to enable frost-free or easy frost removal surfaces
without the need for additional energy supplying methods.
They primarily consist of the modification of surface micro-
and nano-structures and/or material’s intrinsic properties.”®!
Furthermore, some passive anti-/de-icing techniques offer
advantages such as nontoxic nature, simplicity of use, reduction
of weight, and downsized equipment requirements.”® In addi-
tion, several types of surfaces have shown great potentials for ice
mitigation, for example, surfaces that aid in the separation of
accumulated ice; surfaces that postpone ice accumulation; and
surfaces that thwart the accumulation of ice formation.””)
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SHS based on nanoscale features on microscale structures
have been explored for achieving good icephobicity.”%
Building upon SHS, slippery liquid-infused porous surfaces
(SLIPS) show both ultralow ice adhesion and enhanced anti-icing
performance.®'"#¥ Various polymer coatings have been explored
in terms of their anti-icing capabilities.®¥ Further research on
using polymer surfaces to reduce ice adhesion has been focused
on block copolymers, grafting of elastomers and fluorinated
coatings.®>®" Recently there has been a transition from per-
fluorinated molecules (due to their potential environmental
impact and toxic fabrication methods®”) into others such as
smooth PDMS-based coatings. These include the use of
PDMS surfaces from methylated and nonmethylated surfaces,
lubricant-infused PDMS brush structures, crosslinked PDMS
structures, PDMS-loop structures of varying chain lengths,
and PDMS brushes imbibed with toluene vapor.®’=!

2.1.1. Icephobic Surfaces or Coatings on Glass

Ice formed on glass can be classified into two groups, namely
glaze (or transparent) ice and rime rice, based on their morphol-
ogies and densities.*>*>°% Mostly as a result of rapid ice for-
mation or supercooled and high-humidity settings, rime ice
possesses specific properties, including porous microstructure,
low density, high opacity, and loose adhesion onto the structural
surfaces.?*39%%% Glaze ice, on the other hand, is smoother,
more compact, more closely packed, and has a higher surface
adhesion to most substrates than rime ice.*"*>%%%! Glaze ice
develops when the temperature is relatively high, i.e., slightly
below the freezing point.">***! It is normally heavier and
adheres more strongly to the glass surface as compared to rime
ice which is much lighter and fluffier on the glass surface. The
key parameters controlling the different types of ice formation
include supercooling conditions, surface conditions and temper-
atures, cooling speeds, and relative humidity.>** It is also
worth noting that the results of de-icing can be easily extended
to fogging conditions. However, the opposite is not so straight-
forward, as the volume of accreted ice and its effect on perfor-
mance are more critical for rime and glaze ice than for
fogging. Additionally, a high ice adhesion of surfaces hinders
de-icing, either through active or passive methods. Generally,
a high surface roughness of the substrates contributes to an
increase in ice adhesion, while roughness is a requirement
for superhydrophobicity or hydrophilicity, two conditions which
favor water sliding and therefore anti-fogging behavior.

Reducing glass’s surface energy and water—ice adhesion using
icephobic functionalization (see Figure 2) is regarded as one of
the key passive anti-icing strategies.’>*'3%] The freezing
process of a droplet can be significantly slowed down by forming
a SHS as opposed to a droplet frozen on a hydrophilic sur-
face.l!*1%3234 There are reports for delaying freezing on hydro-
philic surfaces or SLIPS with hydrophilic lubricants.[*'%
Extensive studies have been performed using different func-
tional icephobic glass surfaces for ice mitigation.*#~*!

Various organic and polymer-based surface treatments have
been applied for anti-icing regarding both glaze and rime ice.
For example, polyhedral oligomeric silsesquioxane (POSS) is
one of the most commonly used. The inorganic core of POSS
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Figure 2. Icephobic and fogging-resistant micro- and nanostructure designs on glass substrates. a) Polyhedral oligomeric silsesquioxane (POSS) molecules’
hybrid organic-inorganic nanostructure and its uses in the coatings industry such as self-healing materials, icephobic coatings, hard and flexible coatings, anti-
wetting surfaces, and fire-retardant coatings. Reproduced (Adapted) with permission."®" Copyright 2024, John Wiley & Sons-Books. b) Illustration of liquid
droplets on untreated (top) and treated (bottom) samples, whereby they are spherical and have a tendency to roll on the treated sample, while they spread on
the untreated sample (see droplet reflection on the substrate). Reproduced (Adapted) with permission.l"! Copyright 2024, Elsevier. ¢) lllustration of a simple,
modular two-step grafting method that may be used to introduce desired functional polymer brushes onto a wide variety of substrates with varying chemical
compositions.""" d) Fabrication process of SLIPS via spray coating with a nanoparticle/solvent mixture from top to bottom in one pass, followed by heating
process and dip coating with silicon oil.""*! ) Acid-catalyzed graft polycondensation of dimethyldimethoxysilane to produce omniphobic surfaces that are
robust at high temperatures and stable under pressure. Reproduced (Adapted) with permission.'"® Copyright 2024, John Wiley & Sons-Books.
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(see Figure 2a) is a 3D nanosized cage with alternating Si—O
bonds, where the organic functional groups are covalently
bonded onto the Si vertices."® Because of their special struc-
tures, they can be combined with certain types of polymers in
a variety of ways, such as chemical crosslinking, covalent graft-
ing, and physical mixing."®" Additionally, the POSS’s hybrid
inorganic/organic structure provides the coating materials with
the desired mechanical, icephobic, anti-wetting, anti-corrosive,
and fire-retardant functionalities."*"

Another common method is to apply the cyclic fluoropolymer,
or cyclic transparent optical polymer (CYTOP, Asahi Glass Co.),
which has been used to lower the surface energy and prevent
contamination or other apparent damages.'*'% It provides
a smooth, amorphous, and relatively durable hydrophobic
surface.'*% CYTOP has randomly orientated and fixed
polymer chains. Due to its strong dipoles induced by the
carbon-fluorine bonds, it can prevent charge trapping on
semiconductor substrates and offer a superior electrical and
chemical stability.['%14

Various surface treatments using plasmal'®! or physical or
chemical vapor depositions have been used for fabrication of
fluorocarbon polymers that present a high versatility for the con-
trol of the fluorine contents and types of —CFx functional groups
in the polymer.'%*%”) Using plasmas, Kontziampasis et al.'%®
created nanoscale anti-reflective (nanoAR), superhydrophobic,
superoleophobic PMMA-coated glass as shown in Figure 2b.
They used O, plasma for etching and nanotexturing to create
the required topography on the PMMA surfaces and increase
the nanoAR’s performance, followed by the vacuum deposition
of a perfluorinated self-assembled monolayer to induce hydro-
phobicity."® Their findings indicated that a plasma processing
period of around 150 s gave rise to an optimal shape topography
for an effective icing protection.'®®! Although nano-/microtexturing
is good for delaying ice accretion, it could be detrimental for ice
adhesion in many cases. Meanwhile, once an active AW de-icing
was implemented, the hydrophobicity helps to reduce the energy
requirements in the micro- and nanoscale levels.!"®!

Hydrophobicity and low surface energy are the key character-
istics of these polymeric coatings that have shown clear enhance-
ment of the anti-icing properties.'” Similar effects can be
achieved when grafting certain fluorocarbon molecules onto
the surface of glass. The resulting surface tethered molecules
provide a good hydrophobicity and contribute to the decreased
ice nucleation capacity on the surface, thus increasing the freez-
ing delay time and reducing the ice adhesion stress. Among
them, 1H,1H,2H,2H-perfluorooctyltriethoxysilane is one of the
most widely used fluorinated molecules to modify the surface
properties of oxide surfaces.®” It is tightly anchored on the sur-
face by the reaction of the ethoxy silane groups with the hydroxyl
groups on the substrate surface. Its use is widespread to modify
the wetting properties of substrate and particle surfaces of
different materials, including glass."'% For example, a remark-
able increase in wetting angles was reported from about 50° for
the bare glass substrates to values higher than 100° for the
grafted surfaces."'” However, we should mention that currently
there are great environmental and health concerns for these
fluorocarbon-based treatments or per- and polyfluoroalkyl sub-
stances (PFAS), which are often called “forever chemicals.”
There are legal and regulatory frameworks to ban or remove

(105
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the use of these PFAS and therefore, their alternatives are cur-
rently major focused research topics.

Polymer brush coatings are arguably among the most effective
surface modification methods because their special structures
can be tailored down to nanometers (see Figure 2c).''"!
Polymer brushes can be fabricated with various surfaces and
monomer functionalities.™*!! For example, Teunissen et al 11l
applied a grafting technique on glass and used a radical
addition—fragmentation chain transfer polymerization method,
producing different block copolymers. Each of these includes
a short poly(glycidyl methacrylate) (poly(GMA)) segment to be
attached to the amine groups in the poly(dopamine) film, thus
achieving various types of hydrophobicity.'') Zhou et al.l''%
produced a zwitterionic hydrophilic polymer brush coating
using UV-induced grafting polymerization of methacryloxyethyl
sulfobetaine monomer on salinized glass and demonstrated
exceptional anti-fogging, anti-frosting, and self-cleaning proper-
ties.!!"? This polymer brush coating on glass exhibited excellent
abrasion, durability, and water resistance, that is the essential
requirements for an anti-fogging coating to work consistently
and durably.'*%

Another commonly studied method is to utilize hydrophobic
SLIPS, as shown in Figure 2d. These coatings consist of a lubri-
cating liquid film infused into a fixed surface modified structure
(micro-, nano-, or both) on a substrate 1831001131 Tha regylt is
an interface suitable for liquid-liquid contact and a virtually
smooth surface at the molecular level. For effectively preventing
surface damage, these SLIPS treatments usually offer a self-
healing mechanism.”>"*l To restore the damaged region for
the SLIPS, the liquid lubricant is able to Aow," > 17 thus main-
taining the overall liquid-liquid surface interactions.''*12% The
SLIPs can be formed, either by incorporating a porous layer
directly on glass (where the porous layer has to be preferentially
wetted by the lubricant oil and then infused with oil or other liq-
uid) or simply etching the glass substrate (which can form micro-
or nanoscale porous structures and then to convert them into
hydrophobic for the lubricant liquid to infuse easily inside). A
very common and popular slippery liquid used for infusion is
Krytox from Dupont, a fluorine-containing compound widely
used for these applications due to its high stability and low sur-
face energy in liquid form.'?!! However, as mentioned before,
the new environmental regulations have been focused on
stopping/decreasing or in the medium term suppressing or low-
ering the uses of fluorine-containing compounds. Therefore,
alternatives are urgently needed to replace all these fluorinated
coatings, using fluorine-free slippery liquids, such as silicone
oil or polymer mixtures,'*>'2%l or drastically decrease the
amount of fluorine compounds. Within this last approach, afore-
mentioned strategies are used to modify the wetting and icing
functionalities of the surfaces, namely, covering the substrates
with a very thin layer of a hydrophobic fluoropolymer'*®® or graft-
ing short fluorocarbon chains on the substrate surface.*"

Another recently investigated method that does not use fluo-
ropolymers consists of “liquid-like” icephobic layers or coatings,
such as a nanoscale slippery omniphobic covalently attached
liquid (SOCAL) surface. The SOCAL coating uses flexible short
polydimethylsiloxane (PDMS) chains covalently bonded onto
the substrate to provide liquid-like characteristics.!''®'*! The
PDMS tethered molecules exhibit behaviors akin to those of
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liquid-infused surfaces or network materials infused with liquid
lubrication."?® On the other hand, the PDMS chains with nano-
scale structures of tethered molecules of SOCAL (Figure 2e) are
quite flexible and tuneable, providing SOCAL coatings with
remarkable icephobic qualities.!6¢-118:125.127-130]

2.1.2. Microstructured and Nanostructured Surfaces

Dual-scale or micro- and nanostructured surfaces are known to
provide a reduced contact area for impinging water droplets and
low roll-off angles, making those SHS attractive as anti-icing and
anti-fogging solutions. These functions stem from the combina-
tion of multiscale roughness levels and low surface energy.!''¥
Nevertheless, these superhydrophobic micro-/nanostructured
surfaces have frequently shown issues of poor durability, limited
long-term stability, little mechanical robustness upon adhesion,
light scattering, and a high dependence on feature size or even
sustainability. 3537131

Photolithography!*? and soft lithography, as well as replica-
tion nanoimprinting processes,!***! have been widely employed
to fabricate micro- and nanopatterns for anti-icing and anti-
fogging applications, particularly for bioinspired approaches
employing polymeric surfaces."**l However, these procedures
usually require highly specialized facilities and are challenging
to scale up at reasonable costs. A more affordable approach
has recently emerged based on the wrinkling effects appearing
on stretchable polymers such as PDMS. Thus, microscale pat-
terns can be created on the surface of the polymer upon elonga-
tion, while upon prestretching and further surface modifications,
superhydrophobic, anti-icing, highly resilient, and transparent
coatings, well adapted for PV panels, can be produced.*!

From a practical point of view, the fabrication of nanopillars
(NPs) and similar well-ordered patterned structures on glass
surfaces faces obvious shortcomings when considering the mod-
ification of large surface areas. In such a scenario, versatile laser-
based procedures are advantageous for the scalable micro- and
nanostructuring of various materials. Controlling wettability,
freezing delay, anti-icing response, anti-bacterial activity, or
anti-fouling capacity are some of the effects pursued by these
laser micromachining methods. However, the direct laser micro-
machining of glass surfaces is often a time-consuming and costly
procedure!***3”! and may induce surfaces with high light scat-
tering and, therefore, loss of transparency. Alternatively, to
reduce such effects and enhance water removal and anti-icing
capacity, the laser-structured glass substrates are further
modified by grafting organic molecules conferring specific
hydrophobic properties.'**! The advent of ultrashort pulsed
lasers is opening new glass modification approaches. For exam-
ple, Yalikun et al.'**! employed a femtosecond laser to create var-
ious microstructures in a large range of shapes and sizes on
ultrathin glass substrates to produce flexible glass microfluidic
chips.® Lee et al™® made millimeter-scale through-holes
using helical cutting of a variety of glass materials. Such femto-
second laser helical drilling has also been used to process con-
siderable areas of glass with a good aspect ratio and
selectivity."*%! In this context, Cao et al."*" modified the laser
beam process parameters, such as feed rates, voltage, rotational
speed, pulse on/off-time ratio, and electrolytes concentration in
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the laser drilling and milling processes to process various micro-
structures on the Pyrex glass.

Many other approaches have aimed at fabricating micro- and
nanostructured surfaces incorporating NPs and integrated
patterns fabricated by scalable methods. For example, a unique
process of passive radiative cooling was introduced by Chillon
et al."*? which was based on the scalable manufacturing of silica
NPs on glass substrates such as fused silica (FS). They demon-
strated that the NPs’ visible optical range haze might be elimi-
nated by a thin polymer coating embedded in them, improving
optical transmission and enabling a design compatible for use in
optical screens."* Yu et al.l"** also presented a unique nonlitho-
graphic technique, which used a reactive plasma treatment and a
sacrificial SiO, layer to create silica nanostructures directly on
glass. Since the SiO, nanoscale pillars acted as shadows to avoid
the continuous plasma etching of the glass substrate underneath,
the glass surfaces underwent a nanostructured growth consisting
of nanopatterns.!"**!

Wang et al.'"** reported self-responsive surfaces as those
widely observed in natural organisms and systems such as earth-
worms and poison dart frogs, whose secretion glands under their
skin release lubricants to form a slippery layer. The surface lubri-
cation is achieved by an underskin pressure or concentration gra-
dient that has inspired the designs of anti-icing surfaces with
embedded lubricants in the substrate. They have also created
a self-responsive substrate, which was developed through phase
separation or dissolving urea and polydimethylsiloxane (PDMS)
copolymers and excess silicon oil into tetrahydrofuran and then
trapping the excessive silicone oil as internal droplets using the
crosslinked polymer matrix. They reported that icephobic surfa-
ces following such a strategy with the surface regenerable lubri-
cant layers achieved an ice adhesion strength below 40 kPa.
Besides these small liquid oil molecules, solid lubricants
could also be used in self-responsive surfaces to regenerate sur-
face lubricating layers and facilitate ice removal.'** Ahmad
et al."*! reported the preparation of an anti-reflective coating
with anti-icing properties that possessed a good thermal stability
and the ability to mitigate ice formation.

Although glass microstructures can be readily achieved in var-
ious ways, using the previously mentioned procedures at an
industrial scale and for practical applications is complex and chal-
lenging. It requires sophisticated control techniques, expensive
processing equipment, and overcoming the usual limited mate-
rial removal rates of these methods.!"**!

2.2. Various Types of Active Methods as De-icing Strategy
on Glass

Applications of external energy sources, such as heating,
mechanical vibrations and ultrasonic waves, are other key
active strategies for icing protection.****!*”) In the following
section, various types of active methods such as electrothermal,
photothermal, or ultrasonic/AW methods are discussed.

2.2.1. Photothermal Methods

Figure 3 illustrates key examples of photothermal methods for
icing and fogging protection functions. Photothermal coatings
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Figure 3. Photothermal methods for de-fogging, anti-fogging, de-icing, and anti-icing functions. a) Multifunctionalities of the MRPA. Reproduced
(Adapted) with permission."*”! Copyright 2024, Elsevier. b) A superhydrophobic photothermal coating fabricated on a glass substrate via a two-step
spraying technique where the coating demonstrated exceptional functionalities such as superhydrophobicity, strong photothermal effect, strong chemical
and mechanical stability, and outstanding anti-icing/active de-icing and de-frosting properties. Reproduced (Adapted) with permission.!"*l Copyright
2024, Elsevier. c) A schematic illustration showing how transparent, hydrophobic, and photothermal coating was prepared, the principles of photothermal
and regular glass anti- and de-icing procedures, and a scheme of photothermal glass de-icing mechanism.l"*"! d) lllustration of the highly transparent,
photothermally selective coating, based on solution-processed cerium-doped tungsten trioxide nanoparticles for anti- and de-fogging functions.

Reproduced (Adapted) with permission.2% Copyright 2024, Elsevier.

have a good capability to accelerate the melting of ice on the sur-
face and promote the roll off from the glass surface."**! Various
photothermal methods, based on plasmonic materials, have
been developed recently where photon energy is converted into
thermal energy via light absorption and scattering mecha-
nisms.'**1%% For example, multifunctional magnetoresponsive
photothermal composite cilia arrays (MRPAs) were proposed
by Lee et al.**”! accomplishing impressive anti- and de-icing
properties as presented in Figure 3a. They found that the
MRPA achieved instantaneous and reversible structural actu-
ation motions in the presence of an external magnetic field
and retained good superhydrophobicity.'*”) The MRPA has
the ability to prevent, postpone, and eliminate ice formation from
supercooled impinging and stationary droplets, as demonstrated
by its multifunctional features shown in Figure 3a.'*”) He
et al.l"*® presented a superhydrophobic coating with photother-
mal action to enhance anti-icing, de-icing, and de-frosting capa-
bilities. They reported that the coating exhibits strong chemical
and mechanical stabilities, good photothermal response (e.g.,
the surface temperature of the obtained coating was quickly
increased to 111.8°C under one sun), and outstanding
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superhydrophobicity (with a water contact angle of 155° and a
sliding angle of 4°).'*¥1 The coating exhibited outstanding
anti-icing, de-icing, and de-frosting properties as shown in
Figure 3b™*® and effectively delayed ice accretion or freezing,[*®)
A highly transparent and photothermal composite coating was
also prepared on glass surfaces by Guo et al.™*! employing a
direct-spraying sol technique and Cu;,S, nanoparticles and orga-
nosilicone sols to achieve good photothermal conversion and
hydrophobic properties, demonstrating an outstanding anti-icing
and self-melting ice performance as shown in Figure 3c.**!
However, there are issues for utilizing photothermal methods.
For instance, many of these photothermal nanomaterials cannot
be directly formed as a hierarchical structured surface for
light capture without the inclusion of polymer binders.'*?
Furthermore, even though photothermal surfaces can be used
for de-icing, their efficiency in icing delay is frequently small
at low temperatures."*?! Moreover, for practical outdoor applica-
tions, photothermal efficiency is very dependent on solar irradia-
tion intensity and therefore highly dependent on environmental
conditions and day times (e.g., substrate temperature, presence
of clouds, night, etc.). The use of artificial lighting might be an
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option, but its practical implementation is not realistic in most
cases. Most photothermal anti- and de-icing surfaces with hier-
archical structures have shown shortcomings such as difficulties
in preparation, strong dependence on environmental lighting
conditions, difficulty for practical applications and poor
durability.*?

As addressed above, surface fogging produces a number of
issues in daily life and decreases the light transmission of
optically clear materials such as in eyewear, windows, and dis-
plays.[2>?°! Energy-neutral and passive methods, which are pri-
marily dependent on surface wettability engineering, are often
hampered by nonuniformity, pollutant deposition, and a lack
of resilience, hazards that significantly reduce their performance
and durability.?®*”! Recently, transparent photothermal materi-
als have come to light as a sustainable and environmentally
friendly option to reduce surface fogging.”®**! Nevertheless,
the majority of these photothermal materials solely utilize the
solar energy’s broadband spectrum, and the spectral characteris-
tics are still needed of adjustment for simultaneously maximiz-
ing both photothermal impact and visibility.2”!

Li et al.” fabricated a transparent and photothermally selec-
tive coating using solution-processed tungsten trioxide nanopar-
ticles doped with cerium. They reported that under one-sun
illumination, this coating achieved a temperature increase of
38°C and a high absorption of UV and near-infrared light of
more than 90%.*”) This resulted in remarkable anti-fogging
and de-fogging abilities under extremely frigid or humid condi-
tions as presented in Figure 3d.*”! Extensive intricate surfaces
coated with photothermal materials are utilized in both long-
term durability and field anti-fogging experiments, demonstrat-
ing their considerable potential for anti-fogging applications.*”!

Haechler et al.”® fabricated a transparent and photothermally
activated covering layer which reacts to sunshine. Such metama-
terial coating retains a visual transparency because it has a nano-
scopically thin percolating gold layer with a maximum abosrption
in the near-infrared region.*” When compared to uncoated sam-
ples, the photoinduced heating effect allows for prolonged and
improved fog prevention (up to four times better) and increased
removal efficiency (up to three times better), as well as an overall
outstanding performance for both indoor and outdoor condi-
tions, even in foggy situations.*! Because of its extreme thinness
(~10 nm), the coating can be integrated beneath other coatings
and is durable even on extremely compliant substrates.”” It can
be fabricated using ordinary, easily scaled manufacturing
procedures.*”)

2.2.2. Electrothermal Methods

The principle of electrothermal de-icing systems consists of
applying the heat generated from electrical energy to increase
the ice/substrate contact temperature above the freezing point.
This causes a thin liquid layer to be formed at the interface,
which helps to accelerate the de-icing process by reducing the
ice layer’s adhesion to surfaces.’>®) Rapid heating is made
possible by the electrothermal activation and effectively enables
de-icing and anti-icing functions. Electrothermal de-fogging and
de-icing are costumary in automobile rearview windows where
these functions are induced by Joule dissipation of the electrical
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current passing through resistive heating wires. New develop-
ments incorporate embedded layers or thin films as heating
elements. A basic requirement is that the thin films used as resis-
tors are transparent. Solutions based on indium tin oxide (ITO)
and fluorine-doped tin oxide (FTO) alone or incorporating silver-
based nanowires are currently used for such architectural layered
designs. An overview of these procedures and other glass modi-
fication technologies to improve its performance in buildings can
be found in ref. [154], where the relative efficiencies of metal-
based, carbon-based, and hybrid metal/carbon composites are
compared. Glass and other transparent and flexible materials
(i-e., polymers) have also been used as substrates to incorporate
these electrothermal coatings. It is noteworthy that the
approaches utilized for building glass are perfectly scalable to
large areas and use robust and low-cost technologies. Among
the solutions proposed, carbon nanotubes (CNTs) (Figure 4a)">!
and graphene (Figure 4b)!"**) are popular materials used as heat-
ing elements. Graphene has particularly attracted much attention
for the fabrication of high-performing electrothermal defoggers
and anti-icing coatings as shown in Figure 4c.**”!

Wang et al.l"*® recently merged electrothermal and photother-
mal activation in a PDMS matrix composite coating, presenting
superhydrophobicity and a high passive anti-icing capacity due to
its NP structure as shown in Figure 4d. In this design, CNTs and
titanium nitride (TiN) nanoparticles were incorporated in the
PDMS matrix to provide both electrothermal and photothermal
de-icing functionalities. However, since the transparency of these
types of coatings on glass could be a concern, authors!"* further
developed a series of coatings where the PDMS brushes were
grafted in an epoxy matrix with near-infrared (NIR) and UV
absorbers. The electrothermal function was provided by an
ITO layer deposited on top of the glass. A maximum visible light
transmission up to 77% was achieved, while prominent anti-
icing and water slippery capacities similar to those of typical
SLIPS were achieved.

Electrothermal activation has also been combined with super-
hydrophobic coatings!*®” to achieve significant reductions of
energy consumption. Although the anti-icing effect of the
SHS in terms of energy savings was insignificant on its own,
Sun et al.’*Y found that when combined with an electrothermal
procedure to heat the system up to 15°C, 76.7% of the energy
required for anti-icing could be saved.!"®"! However, electrother-
mal procedures still face different issues due to the need of inte-
gration of circuit elements for heating and their high energetic
demands, very often resulting in poor energy efficiency and low
operating effectiveness.

2.2.3. Ultrasonic and Acoustic Wave Methods

In the context of this review, it is important to differentiate
between ultrasonic waves with frequencies either smaller or
larger than a few MHz. Low-frequency AWs are commonly pro-
duced using bulk piezoelectric generators,**® which are applied
to the elastic material of interest to generate the ultrasonic waves.
This technology is widely utilized for the inspection of the inner
structure of materials and for de-icing large structures such as
the blades in wind turbines.[®® The term SAWs refers to sound
waves that propagate along the surface of a material, affecting a
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Figure 4. Electrothermal or a combination of both photothermal and electrothermal methods for de-fogging, de-icing, and anti-icing functions.
a) Fabrication of CNT-based flexible electrothermal film and representation of heat transfer process involving a pure PET substrate and the submersion
of glass in water."®>! b) Fabrication of transparent electrothermal heaters using graphene glass hybrid materials via plasma-enhanced chemical vapor
deposition method.['*®1 ¢) lllustration of wrinkled graphene (WG)-based anti-icing and de-fogging coating for a glass substrate and their morphologies, as
well as the depiction of surface moisture evaporation of both WG and CVD graphene. Reproduced (Adapted) with permission.l">”! Copyright 2024, John
Wiley & Sons-Books. d) lllustration showing the use of multiresponsive superhydrophobic film with both electrothermal and photothermal functions to
demonstrate anti-icing/de-icing performance. Reproduced (Adapted) with permission.*® Copyright 2024, Elsevier.

depth of ~1-2 times the wavelength.'®* SAWs are commonly  films, which are later deposited onto suitable substrates. In its
generated through the application of radiofrequency (RF) signals  typical configuration, the wavelength of SAW is defined by the
in the MHz and higher ranges to piezoelectric plates or thin  characteristics of interdigital transducer (IDT) electrodes, and
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the wave propagation takes place with a relatively low attenuation
along the piezoelectric layer. This means that a piezoelectric layer
must coat the materials or surfaces to be protected against icing.
There are also some configurations based on the so-called
“superstrate” approach,**” where low-frequency AWs or SAWs
generated in a piezoelectric thin film or system can propagate
through the surface of a suitable AW responsive (or with a
low-acoustic-impedance) material. Some de-icing industrial sys-
tems proposed for large-area de-icing of glass surfaces are fun-
damentally based on this approach.

Ultrasonic methods commonly use piezoelectric actuators
which generate kHz-MHz vibrations, and the shear strains created
at the interface by the ultrasonic waves easily cause the ice to frac-
ture and delaminate inducing its removal from the surface. For
these ultrasonic devices, various types of waves including guided
waves, longitudinal waves, bulk shear waves and Lamb waves are
often utilized."*! For example, feasibility and effectiveness of ultra-
sonic de-icing using three distinct materials were studied by
Daniliuk et al.®®! including LiNbO3, lead magnesium niobate-lead
titanate (PMN-PT), and semihard lead zirconate titanate (PZT-4).
They reported that the LiNbO; actuators outperformed PZT ones
in terms of environmental concerns and performance.*® Shen
et all'® used a circular plate triggered by ultrasonic vibrations
at a frequency of 20 kHz to examine the impact of equivalent stress
distribution on the de-icing dynamic behavior. They studied the
dynamic shedding behavior of frozen droplets under ultrasonic
vibration and, based on the characteristics of the ice residue
and the uneven distribution of equivalent stress, they have differ-
entiated the de-icing effectiveness and failure zones.!"*"

Nevertheless, there are problems with ultrasonic based
de-assicing processes, because the unequal/uneven stress distri-
bution and de-icing efficiency are affected by vibration sources’
distance.'®® For this reason, the SAW technology would be a
better option to succesfully fulfilling de-icing functions as wave
propagation occurs throughout the surface of interest, where the
waves are evenly distributed. Recent investigations have claimed
that SAWs perform better than ultrasonics because the former
can integrate multiple functions into a single structure and vari-
ous substrates as opposed to ultrasonic methods."*"! Moreover,
SAWs are energy efficient at surface or interfaces, with distinc-
tive wireless implementation capabilities.
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3. Mechanisms of Thin-Film SAWs and
Mitigation Principles for Icing on Glass

3.1. Transparent Thin-Film Acoustic Wave Technology on Glass

A transparent ZnO SAW device could be applied on glass as an
excellent candidate for simultaneously monitoring fogging
and/or icing, as well as for activating de-fogging and de-icing
functions."®”) Thin-film SAW devices can work in a continuous
feedback way, monitoring fogging and icing-related signals in
various cold/hot environments and providing efficient acousto-
fluidics and activation functions for de-fogging and de-icing
using the same thin-film glass-based SAW platform.['*®!

3.1.1. Transparent and Flexible SAW Devices on Glass Substrates

Highly-performant piezoelectric films, such as ZnO, AIN, and
PZT, are generally produced on glass substrates using plasma
assisted deposition methods, among which magnetron sputter-
ing is widely used because it provides thin films with reasonably
good quality. Typically, these films are optically transparent and
will not affect the optical and photonic properties of glass
substrates. Sputtering preparation techniques are also feasible
for other piezoelectric thin-film materials, such as barium tita-
nate (BaTiOs) and LiNbO;, but obtaining high-quality films of
these materials presents some difficulties, including complicated
optimization processes and high-temperature treatments.®”’
Among the films considered as suitable candidates for SAW
actuation, ZnO is one of the most commonly developed piezo-
electric thin films because of the benefits it presents. For exam-
ple, it can be produced straightforwardly with a good crystal
quality under mild temperature and vacuum conditions. Film
stress is low, and therefore, fabrication of a thick film up to tens
of micrometers would be possible. ZnO nanorods and nano-
structures compatible with a broad spectrum of AW devices
can be also generated.!"”®”! Sputtered ZnO thin films on glass
usually show dense granular patterns or vertically columnar
structures, with thicknesses from hundreds of nanometers up
to tens of micrometers. The (0002) plane or the c-axis preferential
growth development of the wurtzite ZnO film is required in the
crystalline films used for SAW activation. Furthermore, ZnO is
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regarded as a biocompatible material with superior physical, elec-
trical, and optical properties.”>”*'7%173] Compared to AIN, it has
a larger piezoelectric coupling coefficient, enabling an efficient
energy transfer between electrical and mechanical modes.>17*
Without heating the substrate, a good film crystallinity can
be achieved, making the deposition process easier.'”>17
Furthermore, ZnO has good adhesion to most substrates, includ-
ing glass and polymers, or even cellulose materials,"’””! and
exhibits minimal film stress depending on deposition condi-
tions.>>1781791 Zn(O can be easily doped for enhancing its piezo-
electric properties without losing crystalline or optical quality, as
for example in Mn!'®” and V81182 doped films. However, there
are also some concerns regarding ZnO films’ structural, thermal,
and chemical stabilities when working under extreme environ-
mental conditions. Although, adhesion problems can be circum-
vented using plasmas for controlling the interfaces between the
ZnO and the selected substrate. Moreover, issues related with
chemical wettability and stability, especially under humid or
icing environments, can be mitigated by including protecting
thin layers.

ZnO films have been used as AW sensors for diverse applica-
tions, including monitoring temperature, moisture, pressure,
flow, and pH values.”>*®) ZnO SAW sensors can also be used
to constantly and wirelessly monitor changes in the mass and
density of a medium or other parameters such as conductivity,
dielectric response, viscosity, and elastic modulus.®>*% Methods
for determining variations in wave propagation velocities are
based on monitoring changes in the resonance frequency, phase
angle, or amplitude of reflected or transmitted signals.*>! For
instance, ZnO/glass SAW devices with a graphene oxide sensing
layer have been used as humidity sensors with excellent sensitiv-
ity and quick response.*®*?! High-sensitivity SAW UV sensors
based on piezoelectric ZnO thin films coated on glass substrates
have been reported by Wang et al.’! In addition to this, certain
types of SAW modes could be better for ice monitoring, for exam-
ple, shear components are more sensitive to distinguish water
from ice. Lamb wave modes work better in the liquid environ-
ment, whereas Rayleigh waves are more effective for de-icing.
Karimzadeh et al. also reported the use of a simplified version
of IDTs to generate various wave modes for both sensing and
actuation.””!

Besides these sensing applications, many studies utilized
ZnO-based SAW devices on glass substrates for acoustofluidics
applications. For example, Wang et al. compared the microfluidic
performance of ZnO/glass SAW devices with that of ZnO/Si
and ZnO/polyimide (PI) SAW systems.®* They reported that
ZnO/glass SAW devices are comparable in performance with
that on Si substrates and are advantageous in terms of cost, easy
fabrication and compatibility with traditional glass-based bio-
chemical analysis systems.!"®*) Acoustic streaming has also been
achieved using transparent ZnO/glass SAW devices with
Rayleigh waves at a high frequency of 154.9 MHz.[>1#%!

Although acoustofluidics functions of ZnO/glass SAW devi-
ces (such as pumping, jetting, and nebulization) were previously
studied, their continuous operation often faces some problems.
For example, a poor adherence of piezoelectric films was
reported on glass substrates causing peeling-off failure.['8¢!
Furthermore, ZnO/glass SAW devices commonly exhibited a
low electromechanical coupling coefficient and AW propagation
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speed, as compared to those of silicon-based devices."®® They
also incur in significant local heating due to the limited thermal
conductivity of glass.!"®"! Despite these limitations, successfully
engineered ZnO/glass SAW devices can be used for a variety of
applications, including their usages as active cleaning optical
platform to alleviate problems caused by the accumulation of dirt
and solid/liquid contaminants on glass lenses, telescope win-
dows, or solar panels, where their implementation can alleviate
energy and output losses.'*”*¥7) Apart from ZnO films, many
other films, such as AIN, PZT, and LiNbO; films, have been
deposited on glass to leverege different sensing and acoustoflui-
dics functions.>188

Most thin-film-based transparent SAW devices are rigid due to
the nature of glass or related transparent substrates.>*”! The
rigidity of these transparent materials hinders their employment
on flexible electronics, despite the substantial impact of flexible
devices in curved surfaces of flexible printed circuits, soft robot-
ics, next-generation prosthetics, and personalized and wearable
medical systems. Polymers are often transparent and flexible
substrates, but regarding applications using SAWs, they present
critical issues such as severe dissipation of wave energy and poor
thermal stability.”*!

As shown in Figure 5a, various SAW devices based on ZnO
and AIN thin films on flexible glass have been developed to over-
come the restrictions of rigidity. A glass plate thinner than
200 pm is referred to as flexible glass because of its strong bend-
ability and flexibility within this thickness range, comparable to
that of substrates made of plastic or metal foils.”*'®" Flexible
SAW devices have been used to construct a variety of sensors,
such as those intended for humidity!*” and UV detection.!"
They have achieved a strain-detecting range wup to
+3000 ps.19>13! All the benefits provided by bulk glass are still
present in the flexible glass, such as dimensional stability, good
resistance to chemical reactions, fair scratch resistance, higher
electrical insulation, low-stress birefringence, good temperature
tolerance (up to 600 °C, low coefficient of thermal expansion or
CTE, ~4 x 107%°C™"), good impermeability against oxygen and
water, and low root mean square roughness.'”® These properties
are superior to those depicted by flexible devices made on poly-
mer substrates.

Numerous application scenarios have demonstrated the tre-
mendous advantages of using ZnO/flexible glass devices.
Unfortunately, the instability of ZnO-based SAW devices at high
temperatures or harsh environments (such as in alkaline and
acidic conditions) or under UV light irradiation limits their
use for widespread applications. New solutions are critically
needed where ZnO can be effectively protected against the
environment without losing its functional and electroacoustic
properties. On the other hand, AIN thin films have higher prop-
agation speeds and better mechanical and chemical stability,
making them appealing options for high-performance devices
in harsh and challenging conditions.”> For example, Ji et al. fab-
ricated AN thin-film/flexible glass SAW devices.!'**! They inves-
tigated fascinating uses, including wearable sensing applications,
omnidirectional strain sensing, anti-interference humidity, and
UV sensing among others, as shown in Figure 5b.

The electromechanical coupling coefficient (K?) of AIN thin
films is generally low, around 0.5%, which is significantly lower
than those of other piezoelectric materials or thin films, severely
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Figure 5. a) ZnO/ultrathin glass-based flexible SAW devices and their sensing applications. b) AIN/ultrathin glass-based flexible SAW devices and
their sensing applications. c) AIScN/ultrathin glass-based flexible SAW devices and their sensing applications.['*”!

restricting their use for sensing or actuation applications. To
address this technical difficulty, researchers have investigated
aluminum scandium nitride (AlScN) thin films, in which the
piezoelectric capabilities of AIN films can be greatly improved
by properly doping scandium (Sc) into the AIN thin films.["*”!
For example, the ScAIN/flexible glass SAW devices showed an
approximately two fold increase in the electromechanical cou-
pling coefficient compared to that of AIN/flexible glass SAW
devices. These systems developed a high-precision UV sensing
response by integrating machine learning strategies and used
it on a spacecraft model to achieve reliable detection on both pla-
nar and curved surfaces,’® as shown in Figure 5c.

Chen et al."®¥ reported the fabrication of flexible and trans-
parent ZnO thin-film-based SAW devices using ITO electrodes
on ultrathin flexible glass substrates. Metal oxides, such as ITO
and FTO, are well-known transparent and conductive thin-film
materials. The influence of the annealing process and ITO thick-
ness on the optical properties and AW power transmission
properties of these electrodes were investigated in ref. [193].
They were used to make flexible devices such as strain sensors,
applying various applied strains up to +3000 ps with a strain
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sensitivity of ~34 Hzpe "'’ For high-temperature applica-
tions, modified Pt-ITO electrodes!'*® have been proposed to cope
with the natural instability of ITO under such conditions. Other
transparent conducting oxides, such as aluminum-doped ZnO
(AZO)® or graphene-doped ZnO,!"*”) have also been proposed
for the fabrication of SAW electrodes. A key challenge in this
regard is the effective control of the conductive and optical prop-
erties of these materials, as required for a stable operation under
harsh icing conditions.

At present, considerable progress has been made in the devel-
opment and sensing applications of bendable or flexible SAW
devices. Their unique design and material properties enable their
straightforward integration onto various curved surfaces without
adding extra volume or weight. This seamless integration capa-
bility means that they can be effortlessly applied to existing
objects, equipment, or devices without interfering with their
original functions or performance. With the ongoing progress
in material science and micronanofabrication technology, the
performance of these devices can be further enhanced, leading
to a broader range of new applications in the future. For instance,
in the context of ice monitoring applications, flexible SAW
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sensors can be directly attached to aircraft wings, wind turbine
blades, or other structures that are susceptible to icing.”2"®®
They can also detect changes in surface ice formation, enabling
the operation of real-time monitoring and early warning systems.
The lightweight and adaptability of these sensors provide an effi-
cient solution for monitoring systems and maintaining structural
integrity and functionality.

Jacob et al.”! demonstrated the efficient migration of de-icing
capabilities on the transparent, low thermal conducting substrate
materials and proved that SAW-based de-icing was compatible
with optical systems. They reported that SAW-based de-icing
has the potential to enable industries to efficiently deice large
surfaces of transparent and/or low heat-conducting substrates
by coating ordinary glass-like materials with transparent, piezo-
electric films via standard coating technologies.”"

3.2. Ice sensing using Thin-Film SAW Devices

As explained above, SAW devices are suitable for highly preci-
sion sensing, in addition to providing an efficient mechanical
activation. In this section, we will briefly summarize some recent
proposals on the application of SAW devices for ice sensing. We
will also comment on the possibility of using the same devices
for both sensing and activation of the de-icing processes, that is,
enabling smart de-icing systems. Most common SAW devices to
detect icing processes use a delay line configuration in a piezo-
electric substrate or thin film,”**”"'%8 with two IDTs facing each
other, one acting as emitter and the other as receiver. Both the
reflection signals S;; and transmission signals of SAWSs are com-
monly measured for ice or fogging sensing purposes.’>%7-1¢¥! In
general, there are SAW modes that present a higher sensitivity
for ice detection, while the others are more recommended for de-
icing activation. For example, waves with more shear compo-
nents are more sensitive to distinguish water from ice, Lamb
wave modes are more suitable for liquid environments whereas
Rayleigh waves are more effective for de-icing. Activating differ-
ent wave modes is possible through a specific design of IDTs and
electrodes and/or the selection of appropriate electrical signals to
excite the piezoelectric films under resonance conditions. There
are also recent approaches by which the same types of IDTs can
be excited with different electrical signals as to provide either
sensing or de-icing capacities to a unique device.

SAW sensors are known for their reliability, sensitivity, and
versatility, with intrinsic wireless capacity for real-time monitor-
ing of changes in elastic modulus, viscosity, dielectric, and con-
ductivity properties, as well as mass and density changes.>*% As
explained, a benefit of thin-film-based SAWs is their ability to
combine several functions into one structure on a variety of sub-
strates, including flexible and wearable ones such as silicon, met-
als, glass, or polymers. For both monitoring and mitigation
purposes, this offers one of the best ways to integrate thin-film
SAW devices directly onto the surfaces of structural components
(such as glass, metal, ceramic, polymer, or composite). Using
this approach, thin-film SAW devices can be used as an effective
ice or fogging sensor on a large variety of conditions.

Wang et al."*® reported the use of Lamb waves to monitor the
ice formation processes. Since the varying temperature is a
remarkable and inevitable factor during ice monitoring, a
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principle component analysis-based ice monitoring method
was proposed to differentiate temperature effects.'*®! The pro-
posed method was demonstrated in an icing wind tunnel where
the PZT arrays were applied to enhance the guided wave sig-
nals."®® The ultrasonic guide waves combined with a surface
treatment were efficient and sensitive for ice monitoring on
full-scale wind turbine blades.!'*® Schulmeyer et al.'**! utilized
a high-frequency SAW dual-mode delay line device on a
64°-rotated Y-cut LiNbO; substrate and demonstrated both ice
detection and temperature measurement. In addition to the
shear-horizontal polarized leaky SAWs used by these authors,
their findings revealed the exisence of an additional electrically
excitable Rayleigh-type wave in the X + 90° direction on the same
cut.'®? Both of them can differentiate between liquid water and
ice loading and perform temperature measurement as well.!"*”)
IDTs with a large pitch among fingers (i.e., capable of generating
long-wavelength AW) deposited on piezoelectric plates or piezo-
electric films can be effectively used to generated Lamb-type plate
waves.2°*2% Anisinkim et al.?°**°" used a LiNbO; piezoelectric
substrate and IDTs with a large wavelength to generate Lamb-
type plate waves, which can be effectively used to detect ice for-
mation from water through monitoring intensity of the transmis-
sion signals of a particular vibrational mode.

The possibility of using the same piezoelectric device for both
sensing the formation of ice and activating the de-icing has been
recently addressed.®*”” One common approach consisted of
using a piezoelectric plate excited with a pair of flat electrodes
in a lateral field configuration. The thickness shear mode
(TSM) AWs generated at lower frequency (3—4 MHz) excitation
conditions provided a good sensitivity for the detection of icing
phenomena. In addition, narrow S;; peaks at its resonance (i.e.,
high Q factors) resulted in good sensitivities for both tempera-
ture changes and ice formation. Karimzadeh et al.”% showed that
a piezoelectric plate device with a delay line configuration using
IDTs may generate TSM waves, providing the possibility for
monitoring icing phenomena with a high sensitivity, whereas
de-icing was possible applying a higher electrical power to gen-
erate SAW Rayleigh waves at the resonant frequency of the
device.”® Such a hybrid function was achieved by changing
the polarity of the two combs of fingers integrated in the
IDTs with an external electrical switch. In the TSM mode, the
two combs were polarized at the same voltage with one IDT
at ground potential, whereas in the normal SAW mode, one
of the electrodes combs in each IDT was polarized at ground
and the other at the operating voltage. Switching from one mode
to the other enabled the detection of ice using the very sensitive
TSM mode and then the ice removal using SAW activation.””

Zeng et al.l'*® reported that the changes in the propagation
velocities of the SAWs (which induced changes in the resonant
frequency or frequency shifts of the SAW device) could be
affected by multiple factors including temperature changes, elec-
trical effects, and mass loading."*® Figure 6 shows that in a cold
environment above the freezing temperature of water, water mol-
ecules are usually absorbed on the surface of the SAW device,
especially at high humidity. This mainly causes a mass loading
effect.'%®] Meanwhile, other effects are also in play, such as
changes in the impedance, conductivity, and capacitance of
the SAW devices."*® Figure 6 illustrates all of these changes,
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Figure 6. lllustration on the effects of the environmental conditions on a SAW device. a) Water molecules, fog film, snow, and ice formed on SAW surface;
b) mass loading and temperature effects from water molecules, fog film, snow, and ice formation on SAW device surface; c) process by which changes in

the temperature and vapor pressure affect the water vapor to form fog and frost.

which affect the resonant frequencies of the SAW device
differently.!"®!

4. Progress of Thin-film SAW on Glass for Active
De-icing and Anti-Icing

Different physical interactions intervene during the SAW activa-
tion of substrates, leading to the removal of ice or the prevention
of the ice accretion process. This section summarizes the advan-
ces made in the understanding of these effects, with special
insight into the case of SAW actuation on glass substrates.
The specificities of these interactions when dealing with rime
or glaze ice are also summarized in addition to recent advances
in the use of superstrate approaches to cope with the de-icing and
cleaning of large surfaces of glass using SAW.

4.1. SAW Mechanisms for De-icing and Anti-Icing

Thin-film SAWs have great potential as an emerging ice mitiga-
tion strategy, due to their high energy efficiency and effective
integration onto structural surfaces such as glass.*”*"! Thin-
film SAW devices on glass can be used for both anti-icing and
de-icing applications due to their ability to generate waves and
other related effects such as acoustothermal effect, acoustic radi-
ation force, and acoustic streaming. However, anti-icing/de-icing
processes activated by SAWs involve complex interfacial evolu-
tion and phase changes. Thus, it is critical to understand the
nature of dynamic solid-liquid—-vapor phase changes and ice
nucleation, growth and melting events under SAW agitation."!
As illustrated in Figure 7 for the particular case of rime ice,
both ice accretion and de-icing processes are strongly linked
with dynamically interfacial structure changes induced by SAW
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Figure 7. An illustration of principles for SAW propagation in three
different configurations with the presence of (1) solid and dry porous
ice, (2) the ice/liquid mixture where some of the ice is partially melted,
and (3) the liquid water/water vapor stage where water has been changed
into liquid form and then gradually evaporated.'®”)

Acoustic thermal effect

De-icing front

activation, together with acoustothermally induced localized heat-
ing, which facilitates the rapid melting of ice crystals.””"*"! The
interactions of SAWs with a thin water layer formed at the ice/
substrate interface have been reported to result in significant stream-
ing effects, which lead to further damage and melting of ice, liquid
pumping jetting, or even nebulization (see Figure 7).”*!)

This section will summarize the physical principles involved
in various research methodologies that utilize thin-film SAW on
glass to promote both anti-icing and de-icing functions.

4.1.1. Nanoscale Earthquake-Like Interfacial Vibrations

Nanoscale vibration (which are induced by the propagating
SAWs from the surface into ice or liquid water) is one of the
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main mechanisms for ice removal using SAW devices.*>'*" The
nanoscale “earthquake” effects that SAWs generate on the device
surface after the formation of the ice nuclei result in considerable
surface vibrations, which reduce the ice nuclei adherence to the
surface.[*™) As a result, SAWs play a key role in the anti-/de-icing
process by preventing ice accumulation and effectively removing
the formed ice.l"*"! Ice bonds are weakened because SAWs’ nano-
scale vibration weakens the van der Waals forces.[*® During the
freezing process, tiny ice fractures, also known as the formation
of air voids, frequently occur at the ice—structure interface.!*”
The nanoscale “earthquake” produced by the SAWs can effi-
ciently accelerate the propagation of these cracks.® Because
of the strong vibrations at the interface, further cracks may also
be induced in the bulk of ice.l*"]

There is, however, little information about the way by which
the SAWs transmit their mechanical energy into the ice and how
this process depends on the type of wave used in each case.
Recently, Pandey et al.? studied the dependence of the de-icing
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efficiency of glaze and mixed types of ice on the AW modes,
using either Rayleigh SAW or Lamb waves. It was realized that
on a LiNbOj; chip, de-icing using long-wavelength Lamb waves
was energetically more efficient than using the Rayleigh
SAWSs.2%2 Figure 8 shows finite-element simulations of the
mechanical energy transmitted from the activated substrate to
an ice agglomerate when using Rayleigh SAW or Lamb waves
(Figure 8a,b).”°!l Results revealed that while the Rayleigh
SAWs are efficiently damped by the ice in a relatively shorter
interface length (i.e., SAW mechanical energy is efficiently trans-
mitted to the ice within a length of about ten wavelengths
(Figure 8c), the larger-wavelength Lamb waves transmit less
efficiently their mechanical energy to the ice aggregate but
can propagate without complete attenuation through a much
larger ice—substrate interface zone (Figure 8d). Paradoxically,
it appears that efficient transmission of mechanical energy into
the ice structures does not necessarily mean a higher de-icing
efficiency.
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Figure 8. AW-ice interactions and surface displacements comparing SAWs and Lamb waves. Time-dependent simulated snapshots in the form of inten-
sity color maps of the AW-induced displacements in the lithium niobate (LN) chips with an ice aggregate on their surface. The vertical line along the plate
signals the location of the last finger of the simulated IDT. a,b) Calculations for the 120 pm SAW and 510 um Lamb wave, correspondingly. ¢,d) Surface
displacements at the surface of LN substrate as a function of wave propagation along the x coordinate direction for the (c) 120 pm SAW and (d) 510 pm
Lamb wave interacting with the ice aggregate on the surface.?*?
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A de-icing mechanism was proposed to describe the effect of
Lamb waves. It involves a first stage consisting of the cracking
activation along a larger ice—interface zone, followed by a pro-
gressive vertical melting of ice, beginning at the interface to
finally affect the whole volume of ice.*°” This mechanism differs
from that proposed for a Rayleigh SAW,”" which involves the
lateral progression of a water—ice front and the consequent heat
transmission at the water—ice interface (see Section 4.1.3). Heat
losses from water into the air and poor lateral heat transmission
from water to ice (this latter is a good thermal insulator) would be
key factors hindering a rapid progression of ice melting in this
case, therefore negatively affecting the power efficiency of the
process when using Rayleigh SAW./")

4.1.2. Streaming and Radiation Effects into the Liquid

After the first melting of ice takes place at the interface, a mixture
of liquid water and small ice aggregates or nuclei will coexist in
this zone. A similar situation is expected at the initial stages of a
freezing process. The primary force that the SAW applies to a
single particle in a fluid is described by the acoustic radiation
pressure (FARF) Y Meanwhile, interactions among various par-
ticles that are fluidly bound produce secondary acoustic radiation
pressure effects. Depending on their mechanical properties, the
particles are driven toward either pressure nodes or antinodes by
both the primary and secondary acoustic radiation forces.®"! The
acoustic radiation force (F*RF) is determined by taking the sur-
face integral of the time-averaged second-order pressure p, and
momentum flux tensor povyv; at a fixed surface immediately out-
side the oscillating sphere.®} A generic solution for this force
has the following expression

FARF _ _ AQ da{(p,)n + po{(n x v)vy)} L)

where n denotes the unit normal vector of the particle surface
directed into the fluid. In general, the particles in a fluid are sub-
ject to the net acoustic radiation force and the SAW acoustic
streaming-induced Stokes drag force FU€[°l The final effect
is influenced by particle size. Particles larger than a given thresh-
old size will be subjected to motion control by the acoustic radia-
tion force. A few factors that affect the size requirement include
the kinematic viscosity, acoustic contrast factor, and actuation
frequency.®V Particle size, shape and structures, fluid viscosity,
and the fluid flow field all affect the Stokes drag force, or FI™*8,
For a spherical particle of radius r, medium viscosity #, and rela-
tive velocity v, the drag force, F*"8 is given by the following equa-
tion!®"
F28 = 6znrv (2)
As such, acoustic radiation force (F*®F) and acoustic stream-
ing drag force (F'™%8) are the two forces applied to solid particles,
ie., to the ice nuclei suspended in the liquid when the wave
energy is dissipates into it.*”) A dimensionless coefficient (k)
was applied to assess the dominating force in different liquids
containing different types of particles.®® Particles in the fluid
are driven by a net acoustic radiation force if k > 1.1° When k
is less than 1, the system is dominated by acoustic streaming,®”!
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and dissipation of SAW energy into the liquid causes liquid flow
or microstreaming, resulting in the ice nucleolus and liquid to
move relative to one another.!® The SAW frequency (or wave-
length) and applied RF powers of SAWs affect this flow.*

In brief, due to the acoustic field’s scattering effects, particles
such as ice nuclei exposed to an AW field are under the action of
both direct and indirect irradiation forces.”®" The dominant force
that the SAW applies to a single ice particle in a fluid is described
by the primary acoustic radiation pressure (F**F).[*)) Meanwhile,
interactions of sound waves with other particles that are fluidly
bound produce secondary acoustic radiation pressure.®”! The
SAW acoustic streaming effect will induce Stokes drag force
FU™¢ causing the ice nuclei to flow with the liquid. All these
effects will affect the nuclei’s behavior during icing processes.

4.1.3. Localized Heating Effects

During SAW agitation and propagation, the temperature of the
solid surface and its surrounding liquid is increased as a result of
the localized thermal energy generation at the ice/substrate inter-
faces caused by the acoustothermal effect (SAW radiation, energy
dissipation, and related Joule thermal effect).*>'*® Although
there could be heating effects due to electrical losses in the
IDTs, melting is dominantly driven by the acoustothermal effects
of SAWs through ice/water interactions.!*®! These will be of dif-
ferent nature depending on whether we deal with anti-icing or
de-icing. During the anti-icing (or anti-freezing) process, the
ice nucleus’s expansion is restricted by the acoustothermal effect,
which will reduce the interfacial bonding capacity to the solid
cold surface.!® Moreover, after ice accretion, the acoustothermal
effect will considerably reduce the ice adhesion force and cause
the interfacial ice layer to melt, resulting in an effective de-icing
effect.[°>15% The SAW devices will also be heated up as the tem-
perature increases, which will cause the water droplet to interact
more effectively with impurities on the surface and drive them
away more effectively during liquid transportation.!*”!

4.2. Rime Versus Glaze Ice De-icing and Anti-Icing Using
Thin-Film SAWs

Due to their different mechanical properties, glaze and rime ice
are expected to behave differently when exposed to SAW activa-
tion. Hence, differences may appear always that the previously
outlined physical processes affect differently the de-icing of these
two types of ice. Similarly, variances can be expected depending
on the water repellence of the surface (i.e., the hydrophobicity or
slippery degree). It is noteworthy that a challenging topic in this
regard is the modification of surface states of the piezoelectric
films to bestow them specific icephobic functionalities, while
simultaneously protecting them against environmental degrada-
tion. However, the strategy of coating the piezoelectric film with
other materials requires a precise analysis of the acoustic imped-
ance and compatibility with SAWs (i.e., the capacity to efficiently
transmit the SAWs with little or no attenuation). Adjustment of
the thickness is also critical in this regard. Anyhow, it is notewor-
thy that the incorporation of an anti-icing coating will provide
aging and environmental protection to the whole device, includ-
ing piezoelectric layer and IDTs. This would ensure long-term
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reproducibility and stability for outdoor applications, particularly
under extreme conditions such as the marine environments.

Using glaze ice as a case example, the scheme in Figure 9
shows that SAWs can be utilized to accomplish both anti-icing
and de-icing tasks.[6>131158.203] 11y 4 ddition, it shows that a func-
tional layer can be deposited onto the ZnO film to enhance the
surface hydrophobicity.[>?%*) When a water droplet is placed
onto this ZnO thin film at a certain freezing temperature, the
surface hydrophobicity results in a hybrid Wenzel and Cassie—
Baxter state as shown in Figure 9a.1! The nano- and microscale
structured ZnO surface of the icephobic coating can effectively
delay and slow down the ice formation, although ice nucleation
and growth will still occur once the thermodynamic equilibrium
is reached at the water/structure contact point.*” The icesub-
strate contact of a large ice block layer has four types of interfacial
forces operating at the ice—cold interface, that is, Van der Waals
forces, electrostatic forces, hydrogen bonding, and mechanical
adhesions.®! SAWs create nanoscale vibrations comparable in
scale to the van der Waals forces that can weaken the bonds
between ice molecules.[*®

Figure 9b shows that nanoscale “earthquake” effect, including
the effect of acoustic radiation force, acoustic streaming, and
acoustic thermal effect on ice nucleation and development.!®”
Van der Waals forces are one of the principal adhesive forces
between the ice nuclei and the solid surface.!®”! As an ice nucleo-
lus forms, the device’s surface vibrates significantly under the
SAW agitation,'®>** and as a result, any ice nucleolus that is
formed and developed on the surface becomes less adherent
and easily detached. The temperature of the solid surface and
the surrounding liquid is effectively increased due to the
simultaneous release of localized acoustothermal energy at
the ice/structure interface, as shown in Figure 9b.>?°* When

@
Water § o
/CE?/ =

Stre% '“rﬁnal

force effect

®

~ n =
A Y
Surface acoustic wave

Figure 9. lllustration of a) 3D model of a hydrophobic SAW device with no
power applied, and zoom of the ice nucleation at the water—substrate
interface. b) 3D model of a hydrophobic SAW device with power applied
to induce an anti-icing function and zoom of the SAW anti-icing process.
Reproduced (Adapted) with permission.®® Copyright 2024, John Wiley &
Sons-Books.
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the SAWs propagate into the liquid, the ice nucleolus becomes
detached within the liquid and is largely driven by acoustic
streaming. The resulting microstreaming or flow can lead to a
relative displacment of the ice nucleolus in the liquid medium.*”!
In this way, the nanoscale vibrations and the acoustothermal
effect many induce that the generated ice nuclei can freely flow
alongside the liquid’s streaming,®® thus improving the anti-
icing effect through the limitation and slowing down the rapid
formation of ice nuclei.[*”

Ong et al.”? using ZnO/glass SAW devices as a mean to fulfil
both anti-icing and de-icing functions reported the glaze ice
de-icing as shown in Figure 10a. Droplet freezing was followed
on a ZnO/glass SAW device in the absence of SAW energy. Ice
was formed after ~19s, and the progression of a freezing front
could be observed, while the unfrozen portion remained spheri-
cal, as shown in Figure 10b,c. After about 80.9 s, the ice began to
push up on the droplet, resulting in a pointed tip. On a surface
treated with the hydrophobic polymer CYTOP but without SAW
power, glaze icing begun after around 42.3s. Ice crystals were
only formed after ~109s. Compared to untreated devices, the
hydrophobically treated CYTOP layer delayed droplet freezing,
as shown in Figure 10b.

Figure 10d shows the timeframes for droplets turning into ice
at different RF powers, with and without SAW agitation. When
no RF power was applied, the freezing times were comparable on
treated and untreated surfaces. At a considerably lower power of
0.21 W, the surface vibrations under SAW agitation inhibited the
formation of supercooled droplets. However, at a power of
0.37 W or higher, the freezing time increased significantly, dem-
onstrating an effective anti-icing behavior. No frozen droplet phe-
nomena were observed at RF powers of 0.62 and 0.81 W within
the 600 s timeframe.

The de-icing results using ZnO/glass SAW devices with an RF
power of 1.41 W are shown in Figure 10e. The SAW’s acousto-
thermal effect at the ice/glass interface and the induced localized
vibrations caused changes in the ice structure. Fracture was
found at the solid/ice interfaces during the de-icing process,
spreading and degrading the ice’s adhesion to the glass. The
localized acoustothermal effect eventually produced the melting
of the ice, turning it into liquid. When the SAW power was
applied, the transparent glaze ice with CYTOP showed similar
phenomena, as seen in Figure 10d. Adding CYTOP reduced
de-icing time, as shown in Figure 10f. Figure 10g summarizes
the timeframes for droplet de-icing, clearly decreasing with
increased RF powers.

Nampoothiri et al.?*! studied the dynamics of de-icing of
microliter volume water droplets (1-30 pL) exposed to low-power
(0.3 W) SAW actuation generated by in a system formed by an
IDT on LiNbOj; substrate and compared these results with those
on glass substrates. The time variation of the volume of liquid
water from the onset of SAW actuation to complete de-icing took
2.5-35 s depending on the droplet volume.?® They reported that
the de-icing phenomenon could be mainly attributed to acousto-
thermal heating, which was found to be greatly influenced by the
loss of ice adhesion with the substrate and the acoustic streaming
within the liquid water.?* Acoustothermal heating inside the
droplet was demonstrated by the analysis of the temperature dis-
tribution inside the droplet obtained using infrared thermogra-
phy. Acoustic streaming was observed upon the detachment of

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

85US017 SUOWILIOD 3A 81D 3|t jdde 8y} Aq paueAob 8e Sspie VO ‘88N JO S9N Joy A%eiq 1 8UlJUO AB]1/M UO (SUOIPUOD-PUR-SLLBY/WOD A8 | 1M AReiq)1BU1|UO//SANY) SUORIPUOD PUe SWIS | 83 38S *[9202/T0/.2] Lo ARiqiauliuo Ae|im ‘Ariqi AiseAuN 8BpLgwed Aq 6£T20r202 Wepe/z00T OT/I0p/Wod A8 M AReiq 1 ul|uo psoueApe//SANY WO1j papeo|umod ‘€T ‘G202 ‘8792.2ST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

IDT

1T FAVAVAYAVAVAVAVAVAVAVS
I [\ |

v‘vVvVVvvv‘v‘Zno

www.aem-journal.com

propagating path
[

Glass wafer

(f) -
ese are above 600 seconds
1004 = withcyTOP « 0w
. * without CYTOP o
k) N
c 80+
o]
O
)
@2
o 601 .-
£ | '
40 ¢
00 02 04 06 08
Power (Watts)
@ = wjo CYTOP
> 1004 = e with CYTOP
o
=
Q
(8]
o)
)
& .
o= °
O 104 =
E L .
L ]
2 ¢
=
1 T ! ! .
1 2 3 4
Power (Watt)

Figure 10. a) lllustration of the use of a ZnO/glass SAW device to promote both de-fogging and de-icing functions. b—c)Freezing of a droplet on a
ZnO/glass SAW device at different RF powers, comparison of b) untreated surfaces and c) CYTOP-treated surfaces. d) De-icing on ZnO/glass SAW device
without CYTOP at 1.41 W; e) with CYTOP treatment at a power of 1.41 W. f) Time required for a droplet to become ice on the ZnO/glass SAW device at
various RF powers. g) Time taken for droplet de-icing at various RF powers. Reproduced (Adapted) with permission.’? Copyright 2024, Elsevier.

ice from the substrate.?* The de-icing time was found to
increase linearly with droplet volume, as experimentally observe
and further verified using a theoretical model.**”)

Addressing the problem of de-icing large area surfaces of
transparent glass, Jacob et al.”" studied the de-icing functionality
with both a self-supported piezoelectric material (LiNbO;) and a
ZnO piezoelectric thin film deposited on FS. The latter system
proved the compatibility of SAW methods with materials of
practical relevance. Its applicability to large and transparent
substrates was demonstrated by placing the IDTs required for
activation close to the edge of the substrate, leaving most of
the surface unaltered.”" The de-icing mechanism of glaze ice

Adv. Eng. Mater. 2025, 27, 2402139 2402139 (18 of 28)

by SAW activation was revealed simulating the SAW propagation
on ice-covered surfaces and by the experimental analysis of the
ice melting process. The schematic illustrations shown in
Figure 11a-d show the de-icing mechanism taking place when
applying Rayleigh SAW to de-ice large-area substrates and the
finite element model (FEM) results of the SAW propagation
along the ice—substrate interface.”) The de-icing mechanism
involves a combination of ice mechanical stress activation taking
place at the beginning of the process, followed by streaming and
heating through the initially formed water/ice front, as shown by
the thermographic images in Figure 11e-g.”") With this experi-
ment, Jacob et al.”" proved that possible Joule effects due to
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Figure 11. Schematic of de-icing of large substrates and FEM model calculations of SAW interaction with water and glaze ice for the different de-icing
process stages and thermographic camera monitoring of the de-icing process. a) Reference model without water/ice. b) Pure ice, indicating a small SAW

interaction zone (51),

c) water and ice, indicating an extended interaction zone (74), d) pure water, indicating a large interaction zone (107).

e—g) Thermographic camera monitoring of the de-icing process upon activation of the IDT at (left IDT) and out (right IDT) of resonance conditions.
Note that maximum temperature is recorded for the IDT at the right side due to Ohmic losses, while the streaming and progression of melting occurs
from left to right in the big ice aggregate despite that the temperature at the IDT at the left side is much smaller. Reproduced (Adapted) with

permission.”"] Copyright 2024, John Wiley & Sons - Books.

Ohmiic losses in the IDTs could be disregarded, a conclusion
which was reached upon monitoring the local temperature
variations detected in the thermographic images during SAW
activation at and out of resonance conditions (Figure 11e—g).

Figure 12a—f illustrates the de-icing process of rime ice on a
28.12 MHz ZnO/glass SAW device treated with CYTOP. The ini-
tial rime ice was solid/porous and loosely attached (Figure 12a).
Mechanical vibrations from the SAW acoustic energy caused
damage to the ice clusters (Figure 12b), leading to its removal
in certain regions (Figure 12c). SAW energy also resulted
in interfacial localized heating on the ZnO thin film
(Figure 12d), causing the porous ice to shrink (Figure 12e).
Ultimately, the de-In icing process was completed through
SAW agitations and acoustothermal effect (Figure 12f).

In a recent work it is shown that phase changes occur along
with increased SAW agitation, beginning in the vicinity of the top
region around the IDT area."*' Due to the combined impacts of
thermal heating and AWs, an icing front made of a liquid/ice
mixture forms and moves swiftly in the SAW direction. As
the de-icing process continues, the breadth of the de-icing front
is clearly increased (from Figure 13a—c). As shown in Figure 13d,
the de-icing front can be divided into four areas, that is, the liquid
area, the liquid-rich (with ice) area, the ice-rich (with liquid) area,
and the rime ice area. Because of the low acoustic impedance in
liquid and liquid-rich locations, the SAW wave energy is rapidly
absorbed, resulting in notable internal streaming and phenom-
ena such as liquid transportation, jetting, or nebulization.!**"

Adv. Eng. Mater. 2025, 27, 2402139 2402139 (19 of 28)

The acoustic streaming drag force and acoustic radiation force
cause little ice crystals to flow throughout the liquid. AW energy
is rapidly dispersed into the liquid in the liquid-rich and ice-rich
regions, leading to strong streaming and localized heating
effects. The de-icing process is then accelerated by the improved
mass and heat exchange caused by acoustic streaming. A number
of things happen in the rime ice area, such as ice crystals or clus-
ters breaking apart and collapsing in the area where the substrate
and rime ice meet at the interface.'*

In summary, as reported by Yang et all"*"! the primary
de-icing processes are the phase transitions brought about by
the combination of the thermal and acoustic agitation effects.
Ice crystals or clusters break apart and collapse as a result of
the surface vibrations caused by the AWSs’ effect on the interfacial
structures between the rime ice and the SAW device interface.
The ice/device contact experiences phase transition as a result
of the thermal effect building up, and the melted liquid and
ice crystals swiftly fuse together. In addition to the two main
mentioned mechanism, the inner flow and streaming force
greatly increase the mass and heat exchange, which effectively
accelerates the de-icing process, as the SAW waves propagate
into this ice-liquid combination front.'*"

Moreover, de-icing functions can be fulfilled via wireless tech-
nologies. During the integration of wireless technologies with
SAWs, a wireless power transfer (WPT) system was designed
to match the resonant frequency of the SAW device to ensure
optimal performance at its operating frequency. Ong et al.?%¢!
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Figure 12. The 28.12 MHz ZnO/glass SAW device that was treated with CYTOP for the purpose of rime ice de-icing was observed at a) Os, b) 5.912s,
c) 6.868s, d) 8.420s, e) 10.988 s, f) 34.040's using a scale bar of 10 um. Reproduced (Adapted) with permission.’? Copyright 2024, Elsevier.
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Figure 13. a) Depiction of the surface morphology of the iced SAW device
(top view in the IDT area). b) Depiction of the area with an ice-rich de-icing
front. c) Depiction of the area with a liquid-rich de-icing front. d) An illus-
tration of the de-icing front with four different regions.!'*"!

presented an integrated thin-film SAW and WPT system on glass
substrates to fulfil both de-fogging and de-icing functions. They
demonstrated that through the integration of a WPT system, the
localized heating effects and thermal generation induced during
de-icing and de-fogging were dramatically reduced.

4.3. Thin-Film SAW De-icing of Large Glass Surfaces Using a
Superstrate Approach

In a classical configuration, de-icing a glass surface by SAWs
would require coating the glass surface with a thin piezoelectric

Adv. Eng. Mater. 2025, 27, 2402139 2402139 (20 of 28)

film and the integration of IDT electrodes onto the films. This
configuration faces the challenge of homogeneously depositing
the piezoelectric film over the whole glass surface area. At the
industrial level, alternatives have been proposed based on
superstrate approaches and AW frequencies around 1 MHz.
In a patent, Trevett et al.?%’] claimed the cleaning, water removal,
and de-icing of laminate windshields. The procedure consists of
the distribution around the windshield of AW generators with
large, interdigitated electrodes. The generated waves propagate
through the external glass laminate and induce de-icing.
Another recent patent®® proposed a similar superstrate
approach introducing the possibility of using stickable super-
strate layers made of PMMA (polymethyl methacrylate) films.
In this patent, transparent films with incorporated piezoelectric
layers and IDTs are stacked on the surface of glass (or any other
material) and serve as propagating medium of the AW excitation.
The possibility of replacing this plastic cover is an obvious advan-
tage in case the glass support has to be preserved. The proposals
in these patents open interesting fields of research to optimize
the different variables of the developed procedures and increase
the power efficiency of the systems.

5. Thin-Film SAWs for De-fogging Applications

Successfully fabricated ZnO/glass SAW devices can be used for
wide-range applications through their incorporation as an active
surface cleaning platform to alleviate the problems due to the
accumulation of dirt, solid/liquid contaminants, ice, frost, and
fog on glass lenses, telescope windows, or solar panels that
can result in losses in energy and outputs."®”) Similar to the case
of icing protection, the mechanical vibrations induced by SAWs
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Figure 14. lllustrations of the de-fogging process for 28 MHz ZnO/glass SAW devices. a) 1T min exposure to humid air; b) 10 min exposure to humid air.
De-fogging process for 9 MHz ZnO/glass SAW device: c) 1 min exposure to humid air. d) 10 min exposure to humid air. Reproduced (Adapted) with

permission.’?l Copyright 2024, Elsevier.

agitation will propagate along the surface and drive away the fog-
ging from the surface. Ong et al.”? reported the use of both 9.88
and 27.92 MHz ZnO/glass SAW devices to realize de-fogging by
pre-exposing the SAW devices to a humid air flow for 1 and
10 min. They evaluated the effects of surface treatment (using
CYTOP®) and different temperature conditions (RT, 0 and
5°C) on de-fogging performance. Results showed that the time
taken to fulfil de-fogging is decreased with the increase of RF
powers for both frequencies as shown in Figure 14. Also, it
was noted that the time taken to remove fog upon 10 min expo-
sure to humid air was much longer than that for 1 min, mainly
due to the significantly higher amounts of condensates on the
sample surface. In terms of temperature effects, it was found that
a much longer time was required to remove at near 0 °C becasue
more condensates were formed. It was noted that when RF
power was applied onto the SAW device, the mechanical vibra-
tions from the SAWs induce internal acoustic streaming in the
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fog, and a strong localized acoustothermal effect was also gener-
ated.®>¢”] As the waves propagate on the surface of the ZnO/
glass SAW device, they drive away the fog or evaporate them
effectively, thus achieving the de-fogging effect. Authors also
noted that CYTOP contributed to prompt the de-fogging process
more effectively than the untreated ZnO/glass SAW devices.

6. Conclusions and Future Aspects

Concerns about fogging and icing issues in glass materials appli-
cations are significant and must be addressed. Various effective
implementation methods have been thoroughly explored, includ-
ing passive approaches like hydrophobic surface treatments and
active strategies involving ultrasounds, chemical treatments, heat
treatment, and mechanical means. However, these solutions are
not deemed to be feasible in the long run as surface coatings may
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lose their hydrophobicity after prolonged periods or instability
upon exposure to extreme weather conditions. Unfortunately,
the use of chemicals, particularly fluorine-containing polymers
and molecules, brings up environmental issues in the long
run. With these shortcomings, SAW technology, especially
thin-film-based SAW devices, has been implemented to tackle
these issues due to its easy operation, repeatability, reliability,
high precision, and high throughput. Moreover, using microelec-
tromechanical systems (MEMS) processes, it is easy to imple-
ment ultrahigh frequencies.

Various future advances can be explored using ZnO/glass
SAW devices for functionalizing anti-fogging, de-fogging, anti-
icing, and de-icing for ice mitigation. New methodologies, theo-
retical analysis and industry explorations, are still needed. Future
lines of research and development are expected to proceed in the
following directions. 1) Optimization of the electromechanical
transduction efficiency and improving focusing effects to further
enhance the acoustic streaming. It is necessary to characterize
and study particle/surface systems in more realistic environ-
ments. Moreover, since the interaction between SAW and liquid
is nonlinear, and the response involves time and length scales
that differ by several orders of magnitude, it is worth finding
ways and methods to analyze and simulate liquid/ice and solid
substrate/ice behavior. At the same time, attention should also be
paid to the influence of acoustothermal effects on the de-icing
process and quantify to which extent propagating waves of dif-
ferent types affect the de-icing process. 2) More quantification
testing in fogging and icing experiments on ZnO/glass SAW
devices. Additional experimental results are needed, including
ice adhesion test, droplet impacts, various hydrophobic surface
treatments, wettability characterization of hydrophobic layers,
and determination of parameters such as dynamic water contact
angle parameters. These experiments will help to understand the
behavior of the fog and the type of ice that forms on the glass
surface, as well as how surface properties and environmental fac-
tors influence the effectiveness of ice mitigation using thin-film
SAW on glass. Establishing standard conditions for reproducibil-
ity in icephobic experiments will enable benchmarking of SAW
solutions. 3) Design, testing, and integration of WPT theory with
SAW technology for actuation and sensing functions for various
applications with ZnO/glass SAW devices. This will enable the
dual functionality of the ZnO/glass SAW devices to realize and
evaluate the rate of fog and ice formation via sensing and how
this information can be used to adjust the amount of power
required to remove fog or ice via actuation. Reducing energy
costs for these functions through the enhancement of device effi-
ciency should be also contemplated in the future. 4) Simulations
and finite-element analysis to study the interaction mechanisms
between SAW device and water droplet/ice particles to comple-
ment with obtained experimental results. This will allow the
understanding of ice formation behavior upon SAW agitations
(i-e., anti-icing conditions), as well as to better understand the
mechanisms of energy transmission from substrate to already
formed ice and link simulations to the observations obtained dur-
ing experimentation. 5) Ensure radio frequency and electromag-
netic compatibility, critical in various sector (such as aeronautical
ones), which requires dedicated testing and validation to comply
with the regulations for safety and reliability of aircraft systems.
6) Demonstration of compatibility with transparent protecting
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coatings. This aspect is urgent in real-scenario applications,
given the low chemical and mechanical stability of ZnO due
to erosion caused by ice. 7) Integration of passive and active
methods as a way to promote hybridization with other systems,
such as photothermal (this could be straightforward and interest-
ing to reduce energy consumption) and low ice adhesion coat-
ings. 8) Determine the optimum AW mode and characteristic
for each environmental scenario and fogging/icing condition.
Explore the possibility of adapting the wave mode and character-
istics to the type and amount of ice. 9) Incorporate artificial intel-
ligence, digital twins, and similar procedures to analyze and
compute the huge variability caused by icing. This is particularly
relevant for sensing and to complement current and future de-
icing technologies, enabling their operation in a smart and auto-
matic way. 10) Extend the technology to substrate materials other
than glass (e.g., transparent polymers, composites). Attenuation
and high acoustic impedance are constrains for the use of SAWs.
Manufacturing laminates or special structures combining differ-
ent materials can be an option to reduce costs and provide
flexibility and other properties required for specific applications.
11) One key future development is the practical applications of
monitoring and wireless systems, as well as the integration of
de-icing and anti-icing technologies. These are crucial for the
commercialization, depending on the areas of exploitation. For
instance, wireless functions could be more important for trans-
port and wind energy. However, there are a lot of challenges with
applying the wireless functions, which need more extensive
research. Multifunctional/transparency are also crucial for lens,
smart screens, and solar panels. The durability and energy effi-
ciency are needed for these applications.
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