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HIGHLIGHTS

•	 This review proposes a representative framework for photothermal superhydrophobic textiles, highlighting the transition from single-
material studies toward integrated, system-level design and intelligent applications.

•	 This review deciphers the synergistic mechanism between photothermal conversion and superhydrophobicity, linking nano‑/micro‑scale 
material design to active de‑icing and self‑cleaning performance.

•	 This review critically analyzes scalable fabrication, real‑world applications, and key challenges, while outlining AI‑guided optimiza-
tion and stimulus‑responsive systems as future pathways.

ABSTRACT  Photothermal superhydrophobic textiles represent an 
emerging paradigm integrating active light-driven functionality with 
passive liquid repellency. While previous reviews treated superhydro-
phobicity and photothermal effects in isolation, this work pioneers a 
systematic analysis of their synergistic interplay—a critical, underex-
plored mechanism where superhydrophobicity preserves photothermal 
efficiency by minimizing water-induced heat loss, while photothermal 
activity prevents surface fouling that compromises non-wetting perfor-
mance. Through detailed case studies of advanced material systems, 
this review highlights how this synergy supports significant advance-
ments in adaptive wearable technology, energy-efficient infrastructure, 
and eco-friendly water treatment. This review presents an original “lab-
to-life” roadmap that structurally links material design to durability assessment, environmental impact evaluation, and scalable manufacturing 
strategies—a holistic framework absent in existing literature. The review emphasizes urgent sustainability priorities including green material 
substitutions, non-toxic solvent processing methodologies, and circular design principles aligned with global environmental regulations. 
By connecting fundamental mechanisms to real-world deployment scenarios while outlining transformative future directions such as AI-
accelerated material discovery, stimulus-responsive systems, and intelligent manufacturing protocols, this work provides a timely and action-
able reference for advancing next-generation textiles toward technological sophistication and practical viability in sustainable development.
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1  Introduction

Textiles, one of humanity’s oldest technologies, are under-
going a revolutionary transformation from passive materials 
providing basic comfort to active, multifunctional interfaces 
that dynamically interact with their environment [1–5]. At 
the forefront of this evolution are superhydrophobic textiles, 
which draw inspiration from natural paradigms like the lotus 
leaf to achieve exceptional water repellency and self-cleaning 
capabilities [6–10]. By creating micro-/nanoscale hierarchical 
structures and modifying surface chemistry, these materials 
can trap air pockets, leading to the stable Cassie-Baxter state 
that prevents water penetration [11–15]. This passive resist-
ance to water, stains, and microorganisms has paved the way 
for advanced applications in protective clothing, anti-fouling 
fabrics, and fluid management systems [16–20]. However, 
the inherent passivity of conventional superhydrophobic sur-
faces presents a significant limitation. Their performance is 
largely reactive, dependent on the presence of external con-
taminants or environmental challenges [21, 22]. Moreover, 
they offer no inherent mechanism to counteract challenges 
like ice accumulation in frigid environments, where water 
droplets can transition from a repellent Cassie-Baxter state to 
a pinned Wenzel state, leading to catastrophic icing [22, 23], 
or to manage heat in response to changing personal or envi-
ronmental conditions [24]. The emerging demand for active 
and responsive smart textiles necessitates a paradigm shift 
beyond static functionality [21, 25]. It is here that the integra-
tion of photothermal functionality with superhydrophobicity 
unlocks a new dimension of intelligent behavior.

The integration of photothermal functionality with supe-
rhydrophobicity marks this paradigm shift, creating textiles 
that are not merely protective but also adaptive and multi-
functional. The cornerstone of this technology is the syner-
gistic interplay between the physical microstructure and the 
photothermal nanomaterial. When illuminated, the embedded 
photothermal agents (e.g., plasmonic nanoparticles, carbon-
based materials, conjugated polymers) efficiently convert 
light energy into localized heat [26–28]. This generated 
heat is not merely an added feature; it actively reinforces 
and enhances the superhydrophobic state. For instance, upon 
light exposure, the rapid Joule heating or non-radiative relax-
ation processes can instantly raise the surface temperature. 
This thermal energy can prevent condensation formation, a 
primary failure mechanism of superhydrophobic surfaces 

in humid environments [29, 30]. More profoundly, when 
water droplets reside on the surface, the localized heating 
can induce several active phenomena: it can create a vapor 
cushion beneath the droplet, leading to a levitating Leiden-
frost state that drastically reduces friction and enhances self-
propelled motion [31–34]; it can generate internal Marangoni 
flows within the droplet, prompting it to roll off spontane-
ously and remove surface contaminants more effectively than 
passive rolling alone [35, 36]; and critically, it can effectively 
melt frost or ice at the interface, providing an active anti-/
de-icing capability that passive surfaces cannot offer [37, 
38]. This transforms the textile from a static barrier into a 
dynamic interface. The resulting material platform exhibits 
a unique set of advantages: solar-driven on-demand decon-
tamination through thermal inactivation of pathogens and 
enhanced self-cleaning [39–41]; synergistic liquid repellency 
and anti-icing by preventing water condensation and melt-
ing ice in real time [42]; energy-efficient and rapid interfa-
cial drying due to the localized heating exactly at the liq-
uid–solid–air interface [43, 44]; all while maintaining the 
inherent flexibility and wearable compatibility of the tex-
tile substrate [37]. This synergy, achievable through facile 
fabrication via textile engineering, opens the door to smart 
integration for multifunctional applications far beyond con-
ventional clothing, spanning from adaptive personal thermal 
management to industrial ice protection systems and solar-
driven water purification technologies, as conceptualized in 
Fig. 1.

While the individual domains of superhydrophobic 
textiles and photothermal coatings have been reviewed 
separately, a significant knowledge gap persists at their 
intersection. Existing literature typically treats either the 
superhydrophobic texture or the photothermal functional-
ity in isolation, with limited discussion of their dynamic 
interplay. More critically, the role of the textile substrate 
itself has been largely overlooked—most reviews approach 
fabrics as passive scaffolds rather than active components 
with distinct morphological and capillary properties that 
significantly influence both droplet behavior and thermal 
management. Few previous reviews have comprehensively 
addressed the structure–property–application relationships 
specific to photothermal superhydrophobic textiles, particu-
larly how fabric architecture, fiber chemistry, and surface 
topography jointly influence their performance. To clarify 
the positioning of this review, we compare it with several 
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representative textile-related reviews (Table 1) [45–53]. 
These works cover superhydrophobic fabrics, photothermal 
materials, thermal management textiles, and other functional 
aspects, but most focus on a single functionality or a spe-
cific application, and few address the integrated design of 
photothermal superhydrophobic textiles as a coupled mate-
rial platform. In contrast, the present review systematically 
examines the bidirectional coupling between photothermal 
functionality and superhydrophobicity, the role of tex-
tile substrates, substrate-dependent fabrication strategies, 
application-oriented performance requirements, and scal-
ability challenges. This integrated perspective distinguishes 
our work from previous reviews and directly addresses the 
knowledge gap.

This review therefore addresses several underexplored 
dimensions that are crucial for both fundamental under-
standing and practical implementation. A critical observa-
tion driving this work is that the majority of current stud-
ies on photothermal superhydrophobic textiles remain at 
the stage of demonstrating collaborative phenomena—for 
instance, simultaneously reporting photothermal heat-
ing and water repellency—without probing the underly-
ing mechanisms that govern their interaction. This phe-
nomenological approach has left fundamental questions 
unanswered, such as how photothermal effects actively 
modulate the Cassie-Baxter state stability, or how super-
hydrophobicity in turn influences photothermal energy dis-
sipation. To fill this gap, one of the core tasks of this review 
is to establish a structure–activity relationship model for 
the synergistic effects between superhydrophobicity and 

Fig. 1   Key advantages and emerging applications of photothermal superhydrophobic textiles
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photothermal functionality, moving beyond phenomenolog-
ical observation toward mechanistic understanding. First, 
we provide a thorough analysis of the Interplay between 
superhydrophobicity and photothermal functionality, elu-
cidating how photothermal effects can actively maintain 
the Cassie-Baxter state rather than merely adding heat-
ing capability. Second, we introduce a classification sys-
tem for photothermal superhydrophobic fabric substrates 
that moves beyond material composition to establish cor-
relations between substrate properties (e.g., wettability, 
thermal conductivity, mechanical flexibility) and applica-
tion-specific performance requirements. This framework 
specifically addresses how natural fibers and chemical fib-
ers enable different application scenarios based on their 
intrinsic properties. Furthermore, we critically evaluate 
fabrication approaches specifically optimized for textile 
substrates, discussing how techniques like spray-coating 
and dip-padding affect durability and scalability differently 
than methods used on rigid surfaces.

Beyond technological applications, this review makes signifi-
cant contributions to the academic community by establishing 
a unified theoretical framework that bridges interfacial science, 
photothermal chemistry, and textile engineering. We identify 
key scientific challenges that remain unresolved, such as the pre-
cise thermal threshold for optimal droplet mobility and the long-
term stability of photothermal nanomaterials under mechanical 
deformation. By mapping the fundamental principles govern-
ing these multifunctional systems, we provide researchers with 
predictive design rules for developing next-generation smart 
textiles. The comprehensive application analysis spans from 
personal thermal management to environmental remediation, 
highlighting how photothermal superhydrophobic textiles can 
enable new research directions in areas like programmable drop-
let transport and solar-driven microfluidics. Finally, our “lab-to-
life” perspective addresses a critical gap in existing literature by 
systematically evaluating scalability challenges and sustainabil-
ity considerations. We propose standardized testing protocols 
specifically tailored for photothermal superhydrophobic textiles 
to enable meaningful cross-study comparisons. By connecting 

Table 1   Comparison of the present review with representative textile-related reviews

PT-SH = photothermal superhydrophobicity

Refs. Main focus Photo-
thermal 
function-
ality

Superhydro-
phobicity

PT-SH 
cou-
pling

Textile 
substrate 
focus

Fabrica-
tion strate-
gies

Appli-
cation 
scenarios

Lab-to-life 
translation

[45] Advanced textiles for personal thermal 
management and energy

✓ – – ✓ ✓ – ✓

[46] MXene-based photothermal conversion 
and antibacterial applications

✓ – – – ✓ – –

[47] Superhydrophobic and antibacterial 
cellulose-based fibers/fabrics

– ✓ – ✓ ✓ – ✓

[48] Advanced fabrics for thermal manage-
ment, health monitoring, and energy 
harvesting

– – – ✓ ✓ – ✓

[49] Thermal management fibers/textiles 
based on heat transport, storage, and 
conversion

✓ – – ✓ ✓ – –

[50] Bionic intelligent clothing – ✓ – ✓ ✓ – ✓
[51] Advanced warming textiles based on 

radiative, insulating, and electrothermal 
strategies

✓ – – ✓ ✓ – ✓

[52] Thermoregulating textiles for energy 
exchange and personal thermal manage-
ment

✓ – – ✓ ✓ – ✓

[53] Graphene-based textiles for thermal man-
agement and flame retardancy

✓ – – ✓ ✓ – ✓

This review Photothermal superhydrophobic 
textiles

✓ ✓ ✓ ✓ ✓ ✓ ✓
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fundamental mechanisms with practical implementation bar-
riers, this review aims to accelerate both academic innovation 
and industrial adoption of these multifunctional material sys-
tems, positioning photothermal superhydrophobic textiles as a 
platform technology for sustainable development across mul-
tiple disciplines. It is worth noting that photothermal heating 
and radiative cooling represent opposite thermal management 
directions; for radiative cooling superhydrophobic textiles, inter-
ested readers are referred to recent literature [54] and related 
comprehensive reviews [55, 56].

2 � Fundamental Principles 
of Superhydrophobic Surfaces

The development of photothermal superhydrophobic tex-
tiles is grounded in surface wetting principles. However, 
direct translation of wetting theories from rigid, smooth 
substrates to textiles is inadequate due to the hierarchical, 
flexible, and porous nature of fabric structures.

2.1 � Water Contact Angle (WCA)

The water contact angle (WCA) is the primary metric for 
surface wettability. On an ideal flat surface, the equilibrium 
contact angle (θY) follows Young’s equation:

where γSV, γSL, and γLV represent solid–vapor, solid–liquid, 
and liquid–vapor interfacial tensions, respectively [57–59]. 
Textiles fundamentally deviate from this ideal, being porous 
fiber assemblies with multi-scale roughness from nanoscale 
fiber features to micron-scale inter-fiber pores. Conse-
quently, measuring a stable WCA on textiles is complicated 
by liquid wicking into pores. The apparent contact angle (θ) 
is dominated by surface topography and capillary effects 
rather than fiber chemistry alone. For textiles to achieve 
θ > 150°, both hydrophobic fiber chemistry (θY > 90°) and 
a composite solid–air–liquid interface stabilized by hier-
archical roughness are required. These design principles 
are inspired by biological systems, as illustrated in Fig. 2a. 
The lotus leaf (Fig. 2a(1)) exemplifies the “lotus effect” 
where hierarchical micropapillae coated with hydrophobic 
wax crystals create a composite interface with high contact 
angles and low adhesion [60]. The cactus (Fig. 2a(2)) uses 
asymmetric spines to repel water and directionally trans-
port droplets for water collection [61]. The desert beetle 

(1)cos �Y = (�SV − �SL)∕�LV

(Fig. 2a(3)) employs hydrophilic bumps on a hydrophobic 
background to harvest fog [62], while the mosquito eye 
(Fig. 2a(4)) features a hexagonal nipple array conferring 
superhydrophobicity and antifogging properties [63]. These 
biological blueprints provide critical insights into geometric 
parameters for engineering robust superhydrophobic textiles 
on flexible, porous substrates.

2.2 � Wettability Models

The Wenzel and Cassie-Baxter models require careful con-
sideration for textile substrates (Fig. 2b). The Wenzel model 
describes homogeneous wetting where liquid penetrates sur-
face roughness [64]:

where r is the roughness factor (r > 1). In textiles, a Wen-
zel state indicates liquid penetration into inter-fiber spaces, 
resulting in high adhesion, loss of breathability, and func-
tional failure for protective clothing.

The Cassie–Baxter model describes a composite interface 
where air is trapped beneath the droplet [64, 65]:

where fS is the fractional solid–liquid contact area. For tex-
tiles, fS is dynamic—influenced by fiber density, yarn twist, 
and fabric structure—and can change under mechanical 
pressure due to fiber flexibility. The multi-scale hierarchy 
of textiles, combining nanoscale fiber roughness with micro-
scale fabric pores, provides exceptional stability for the com-
posite interface when properly engineered [66–69].

2.3 � Dynamic Contact Angle and Wetting Behavior 
of Composite Interfaces

Dynamic wetting behavior is characterized by contact angle 
hysteresis (CAH), defined as the difference between advancing 
(θA) and receding contact angles (θR) [70]:

A low CAH (< 10°) is essential for self-cleaning, but 
challenging to achieve on textiles due to surface heteroge-
neity and fiber flexibility. The complex fabric topography 
provides abundant pinning sites for the three-phase contact 
line, while fiber deformation under contact line tension fur-
ther increases CAH, particularly during recession [71, 72]:

(2)cos �W = � cos �Y

(3)cos �CB = fS(1 + cos �Y ) − 1

(4)CAH = �A − �R
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where Efiber is the effective modulus of the fiber structure 
[47, 73]. Softer fibers generally exhibit higher CAH due to 
increased deformation at the contact line [71, 74–76]. Tex-
tile porosity introduces additional capillary effects [72, 77]:

(5)�R ∝
1

Efiber

where rpore is the effective pore radius [47, 73]. When 
θY < 90°, positive capillary pressure drives liquid penetra-
tion; when θY > 90°, negative pressure inhibits penetration, 
supporting the Cassie-Baxter state.

For photothermal superhydrophobic textiles, these dynam-
ics are critical. Photothermal heating can reduce liquid surface 

(6)Pcapillary =
2�LV cos �Y

rpore

Fig. 2   a Biological organisms exhibiting superhydrophobic properties in nature. (1) Lotus leaf: Reproduced with permission [60]. Copyright 
2008, Wiley. (2) Cactus: Reproduced with permission [61]. Copyright 2020, Wiley. (3) Desert beetle: Reproduced with permission [62]. Copy-
right 2001, Springer Nature. (4) Mosquito eyes: Reproduced with permission [63]. Copyright 2007, Wiley. b Schematic illustration of the con-
tact angles for (1) Young’s, (2) dynamic contact angles, (3) the Wenzel model, (4) Cassie-Baxter model
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tension and promote evaporation at the contact line, potentially 
mitigating the high CAH typical of textile substrates [78, 79].

In summary, wetting on textiles involves complex interac-
tions between chemical hydrophobicity and physical morphol-
ogy beyond classical models. The following sections detail 
how photothermal materials address these challenges. For a 
comprehensive treatment of fundamental wetting theory, read-
ers are directed to specialized reviews [80–82].

3 � Fundamental Principles of Photothermal 
Surfaces

Photothermal conversion involves transforming absorbed 
light energy into localized heat, governed by distinct physi-
cal mechanisms depending on the material’s electronic 
structure. Operating primarily within the solar spectrum 
(300–2500 nm), these mechanisms fall into three dominant 
types: plasmonic localized heating, non-radiative relaxation, 
and thermal vibration in molecules, as summarized in Fig. 3. 
The porous, fibrous structure of textiles influences light scat-
tering and heat distribution, while the air layer trapped in the 
superhydrophobic microstructure acts as a thermal insulator, 
enhancing localized heating though potentially introducing 
light scattering trade-offs [83]. This section delineates these 
mechanisms within the textile context.

3.1 � Plasmonic Localized Heating

Plasmonic heating arises from collective oscillation of free 
electrons in metallic nanostructures upon light interaction, 
known as surface plasmon resonance (SPR). When incident 
photon frequency matches the electron oscillation frequency, 
strong resonance occurs, leading to intense light absorp-
tion and nanoscale field confinement [84, 85]. For spheri-
cal nanoparticles, the peak resonance wavelength (λmax) is 
approximated by [86, 87]:

where λp is the plasma wavelength and εm is the dielec-
tric constant of the surrounding medium. This tunability 
is advantageous; spherical gold nanoparticles absorb in 
the visible range (~ 520 nm), while gold nanorods can be 
engineered for near-infrared absorption (~ 700–1100 nm) 
by adjusting their aspect ratio [88, 89]. Absorbed energy 

(7)�max = �p

√
2�m + 1

is rapidly converted to heat via electron–electron and elec-
tron–phonon scattering [90–92].

This mechanism is effectively leveraged in textiles, as 
demonstrated in Fig. 4a, b. Ag/PDMS-coated cotton fabric 
uses the LSPR of Ag nanoparticles for efficient photothermal 
heating, with the dense nanoparticle packing on fiber surfaces 
increasing absorption cross section and enabling applications 
such as UV protection and antibacterial activity [93].

Further extending this concept, Fig. 4c–e shows cot-
ton fabrics cross-linked with hybrid P(MA-co-MA300-co-
EGMA)/Au nanogels [94]. Under visible light, the fabric 
(CHN-20) rapidly heats from 20.4 to 43.0 °C within 50 s 
(Fig. 4d), demonstrating efficient photothermal conversion. 
The densely packed hybrid nanogels on the cotton surface 
(Fig. 4e) maximize light absorption while minimizing scat-
tering losses [95, 96].

3.2 � Non‑radiative Relaxation

Non-radiative relaxation is the dominant photothermal 
mechanism in semiconductors, including metal–organic 
frameworks, transition metal dichalcogenides (e.g., MoS2, 
WS2), and metallic ceramics such as TiN [97, 98]. When a 
semiconductor absorbs a photon with energy ≥ its bandgap 
(Eg), an electron is excited from the valence to the conduc-
tion band, generating an electron–hole pair [99, 100]. The 
bandgap correlates with the cutoff wavelength (λc) via [101, 
102]:

where h is Planck’s constant and c is the speed of light. 
Narrow-bandgap semiconductors like TiN exhibit broad 
absorption across visible to NIR range. The photogenerated 
carriers undergo rapid non-radiative recombination, convert-
ing excitation energy into lattice vibrations and bulk heating 
[103].

A representative textile implementation is the PET/
MoS2 hybrid fiber system (Fig.  4f–h) [104]. MoS2 
nanosheets uniformly deposited on PET fibers achieve 
a ~ 10 °C temperature increase under infrared irradiation 
(Fig. 4h), validating efficient photothermal conversion for 
personal thermal management. Expanding the material 
palette, Fig. 4i, j presents a TiN-based multi-layer tex-
tile (TiN-SCF) constructed by sequentially spraying TiN 
nanoparticles, PDMS binder, and hydrophobic SiO2–TiO2 

(8)Eg =
hc

�c
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Janus particles onto cotton [105]. Under 1.0 sun irradia-
tion, ice on TiN-SCF melts completely in ~ 50 s (Fig. 4j), 
significantly faster than controls. This accelerated deic-
ing arises from synergistic photothermal heating at the 
ice–fabric interface and the superhydrophobic microstruc-
ture minimizing thermal resistance.

3.3 � Thermal Vibration in Molecules

This mechanism leverages π-conjugated systems in 
carbon-based nanomaterials and conjugated polymers 
(e.g., graphene, CNTs, PPy) [108–110]. Photon absorp-
tion excites electrons from HOMO to LUMO [111, 
112], followed by ultrafast non-radiative relaxation via 

electron–phonon coupling, generating heat through 
increased atomic vibrations [113–115]. Unlike plasmonic 
heating (requiring specific resonances) or semiconductor 
bandgap transitions (requiring energy thresholds), molecu-
lar vibration heating operates through continuous energy 
states, enabling broadband solar absorption [108, 109].

Figure 4k–m illustrates a smart textile where PPy-coated 
micro-PCMs are embedded in polyurethane fibers [107]. The 
PPy coating provides broad spectral absorption (Fig. 4l), 
while the PCM core enables thermal energy storage, achiev-
ing photothermal storage efficiency η = 94.03% and a cool-
ing delay exceeding 1100 s. Figure 4n demonstrates a gra-
phene–lignin composite (GxLy)z@CF that reaches 70 °C 

Fig. 3   Three fundamental photothermal conversion mechanisms and representative photothermal materials for photothermal superhydrophobic 
textiles
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under 1.0 sun irradiation [106]. The co-assembly of gra-
phene oxide and lignin creates a stable conductive network, 
with synergistic enhancement of photothermal performance 
and mechanical durability. These examples demonstrate that 

molecular vibration mechanisms provide a versatile founda-
tion for designing photothermal textiles with tunable thermal 
regulation [116].

Fig. 4   Representative examples of three classes of photothermal materials applied in photothermal superhydrophobic textiles. a Schematic 
diagram and SEM micrographs of the multifunctional Ag/PDMS-coated cotton fabric [93]. b Developing rough Ag/PDMS coatings on fibers. 
Reproduced with permission [93]. Copyright 2023, ACS. c Schematic diagram of the structure and functionality of the hybrid P(MA-co-MA300-
co-EGMA)/Au nanogel coated cotton fabric. [94]. d Temperature evolution of CHN-20 with continuous visible light illumination [94]. e FE-
SEM images of CHN-20. Reproduced with permission [94]. Copyright 2025, Elsevier. f Schematic diagram of PET/MoS2 hybrid fibers [104]. 
g PET/MoS2 fabric’s potential applications in smart textiles for personal thermal management [104]. h Digital and IR thermal images of human 
arms wrapped with pristine PET fabric and 0.6 wt% PET/MoS2 fabric, both exposed to IR therapeutic lamp irradiation. Reproduced with per-
mission [104]. Copyright 2025, Elsevier. i Fabrication process of the TiN-SCF [105]. j Schematic of photothermal deicing of different fabrics. 
Reproduced with permission [105]. Copyright 2025, ACS. k Schematic illustration of the enhancement in photothermal efficiency of M2/PU 
textile [106]. l UV–Vis absorption spectra of micro-PCMs and polypyrrole (PPy), and the AM 1.5 solar spectrum is provided as a yellow back-
ground for reference [106]. m1, m2 Surface morphology of 70% M2/PU fiber. Reproduced with permission [106]. Copyright 2024, Elsevier. n 
SEM images and photothermal performance of (GxLy)z@CF fabrics. Reproduced with permission [107]. Copyright 2026, Elsevier
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4 � Interplay Between Superhydrophobicity 
and Photothermal Functionality

The true innovation in advanced textiles lies in the synergistic 
interplay between superhydrophobicity and photothermal activ-
ity (Fig. 5). This mutual reinforcement creates a system greater 
than the sum of its parts. The relationship is bidirectional: 
the micro-/nano-architecture of a superhydrophobic surface 
enhances photothermal conversion, while the generated heat 
maintains and restores water repellency. This section decon-
structs this symbiotic relationship.

4.1 � How Superhydrophobicity Enhances Photothermal 
Functionality

The hierarchical roughness defining superhydrophobic 
surfaces is ideally suited for maximizing light absorption 
and minimizing heat loss, operating through two primary 
mechanisms: enhanced light trapping and superior thermal 
insulation.

First, the micro-/nano-scale texture acts as an efficient 
optical trap. Incident photons undergo repeated reflec-
tion, refraction, and scattering within pores and surface 
asperities, increasing the effective optical path length and 
providing more opportunities for photothermal agents to 
harvest light energy [117–121]. This light-trapping effect 
can be described using a Beer–Lambert-type effective path 
length model [122, 123]:

where α is the effective absorption coefficient and Leff is 
the effective optical path length. Compared with a smooth 
coating, hierarchical surfaces increase Leff through multiple 
scattering events. As Leff increases, e−αLeff decreases, lead-
ing to higher light absorption. This explains why photother-
mal superhydrophobic textiles with micro-/nano-graded 
structures achieve high solar absorptance (95–98%), even 
when using similar photothermal materials as flat sub-
strates [124–128]. The same architecture that traps air for 
water repellency also traps light for enhanced photothermal 
conversion.

(9)A ≈ 1 − e−�Leff

Fig. 5   Synergistic co-design of photothermal functionality and superhydrophobicity in textiles. Four synergistic mechanisms are illustrated: (top 
left) light-trapping hierarchical structures enhancing photothermal absorption; (bottom left) air-pocket-enabled thermal insulation minimizing 
heat loss; (top right) photothermal heating driving rapid evaporation to sustain dry superhydrophobicity; (bottom right) photothermal heating 
enabling autonomous chemical self-healing via restoration of low-surface-energy chain orientation
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Second, the air pockets responsible for the Cassie–Bax-
ter state provide thermal insulation. Since air has much 
lower thermal conductivity than solids and liquids, 
entrapped air within micro-/nanostructures suppresses 
heat dissipation from the photothermal layer [120, 125, 
129–131]. The effective thermal conductivity of this 
porous composite can be approximated as:

where φs and φa are the volume fractions of solid and air, 
and ks and kair are their thermal conductivities. Increasing the 
trapped air fraction decreases keff and weakens conductive 
heat loss. The heat loss process follows the thermal resist-
ance relation [17]:

where Rth is thermal resistance, L is the insulating layer 
thickness, and Ac is heat transfer area. A lower keff increases 
Rth, reducing heat loss from the photothermal surface. This 
“heat-locking” effect has two consequences. First, it allows 
the photothermal layer to reach higher equilibrium tempera-
ture under the same irradiation. Second, when a cold drop-
let or ice contacts the surface, the air layer reduces interfa-
cial heat transfer, slowing cooling and prolonging freezing 
time [120, 121, 126, 129, 132]. Thus, superhydrophobicity 
enhances photothermal functionality by increasing light 
harvesting through hierarchical roughness and by lowering 
thermal conductivity through Cassie state air retention.

4.2 � How Photothermal Functionality Enhances 
Superhydrophobicity

Conversely, photothermal functionality provides a dynamic 
mechanism to sustain and regenerate the superhydrophobic 
state through evaporation-induced self-drying, thermally 
assisted droplet depinning, and chemical self-healing. Super-
hydrophobic surfaces can be compromised by condensed dew 
or high humidity, inducing a Cassie-to-Wenzel transition. A 
photothermal textile counteracts this by converting light into 
localized heat, promoting water evaporation and accelerating 
droplet removal before penetration into surface textures [119, 
124, 133, 135–140].

(10)keff ≈ �sks + �akair

(11)Rth =
L

keffAc

(12)q =
▵ T

Rth

From an interfacial transport perspective, photothermal 
heating induces Marangoni convection inside droplets via 
surface tension gradients [141–143]:

The relative importance of this thermocapillary flow is 
described by the Marangoni number [141, 143, 144]:

A larger dT from photothermal heating increases Ma , indi-
cating stronger convection. For small sessile droplets, Maran-
goni convection can dominate over buoyancy-driven flow 
[143, 145, 146]. This internal circulation enhances interfacial 
heat and mass transfer, expressed by the Nusselt number [143, 
144, 147]:

A larger Nu indicates stronger convective heat transfer, 
accelerating droplet evaporation and self-drying.

Droplet removal is governed by contact line pinning and 
adhesion [143, 146]:

Photothermal heating facilitates droplet removal by 
reducing residual water bridges and accelerating evapora-
tion near the contact line, preventing moisture from infil-
trating surface textures.

Recent studies show that photothermal superhydro-
phobic coatings can recover high contact angles after 
prolonged moisture exposure [126, 135, 138, 140, 148]. 
However, this synergy has boundary conditions. Exces-
sive heating may induce vapor condensation and Cassie-to-
Wenzel transition [149]. Thus, photothermal functionality 
should be understood as a regulated interfacial transport 
process within an appropriate thermal window.

Beyond physical water removal, photothermal heating 
restores superhydrophobicity by activating the reorienta-
tion of low-surface-energy molecular chains. Washing or 
contamination can cause hydrophobic chains to curl inward 
while polar groups become exposed, increasing surface 
energy and destroying water repellency [135, 140–143, 
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150, 151]. The temperature dependence of polymer chain 
mobility follows Arrhenius-type relaxation [152, 153]:

Increasing surface temperature reduces relaxation time, 
accelerating hydrophobic segment migration toward the 
air-facing surface. Near the glass transition region, the 
WLF equation provides a more accurate description [152]:

where τ(T) is the relaxation time at temperature T, τ(Tg) is 
the glass transition temperature, an C1, C2 are material con-
stants. A small temperature increase near Tg substantially 
enhances chain mobility.

The conformational recovery of hydrophobic chains can 
be quantified by end-to-end distance [154, 155]:

where a larger Re indicates extended chain conformation. 
Molecular dynamics simulations of SPS cotton fabric 
showed alkane-chain end distances decreased from 18–20 to 
15–17 Å after washing, confirming chain curling. After pho-
tothermal self-healing, the distribution became broader and 
more homogeneous, indicating chain reorientation [154].

To connect molecular-level recovery with macroscopic 
wettability, the WCA recovery efficiency is defined as [150, 
154, 156]:

where ηθ is the recovery efficiency, θinitial is the initial WCA, 
θdamaged is the WCA after damage, and θhealed is the WCA 
after self-healing. For example, SPS cotton fabric recov-
ered nearly 100% water repellency under 30 mW cm−2 
irradiation, whereas non-photothermal fabric recovered 
only ~ 71.2% [154].

Thus, photothermal self-healing is a thermally activated 
molecular reorientation process. Photothermal conversion 
raises local temperature into the chain mobility window, 
shortening relaxation time and driving nonpolar chains 
to reorient toward the air interface, restoring low surface 
energy without external heating.

Although several studies have demonstrated photother-
mal-assisted self-drying or self-healing, their time efficiency 
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)
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)
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and energy input are still rarely reported in a standardized 
manner. Available results suggest that the recovery time 
can vary from several minutes to several hours depending 
on coating chemistry, damage mode, and irradiation con-
ditions. For example, SPS cotton recovered its WCA to 
approximately 150° within 20 min under 0.3 sun irradiation 
and became completely dry within about 15 min under out-
door sunlight of approximately 0.42 sun [154]. A fluorine-
free photothermal superhydrophobic fabric recovered to 
WCA = 160.8° after O2 plasma treatment and 12 h of room-
temperature healing [138], while TiN-coated cotton fabrics 
were evaluated after 30 min of xenon lamp irradiation for 
photothermal self-healing [159]. More recently, sunlight-
induced self-healing within 5 min has also been reported 
for plasma- and scratch-damaged superhydrophobic coatings 
[160]. For rapid self-drying, low-adhesion superhydrophobic 
surfaces can remove impacting droplets on the millisecond 
scale, as reflected by a 14.3 ms solid–liquid contact duration 
for a 10 μL droplet on a robust photothermal superhydro-
phobic coating [126]. However, droplet bouncing should be 
distinguished from photothermal evaporation of residual or 
trapped moisture. Future studies should therefore report light 
intensity, illuminated area, water volume, drying time, WCA 
recovery time, recovery efficiency, and energy input more 
explicitly, so that photothermal self-drying and self-healing 
can be quantitatively compared across different systems.

4.3 � Boundary Conditions and Potential Negative 
Effects of Photothermal Heating

Despite the beneficial role of photothermal functionality in 
maintaining and restoring superhydrophobicity, this effect 
should not be regarded as unlimited positive feedback. 
Instead, photothermal regulation operates within a distinct 
temperature window. When the surface temperature is below 
the chain mobility threshold of the low-surface-energy coat-
ing, molecular segments cannot effectively rearrange, lead-
ing to incomplete wettability recovery. For example, in the 
SPS cotton fabric, the PA coating has a Tg of approximately 
39 °C. Under 0.1 and 0.2 sun irradiation, the surface temper-
atures reached only 32 and 38 °C, respectively, which were 
insufficient to fully activate molecular chain reorientation. In 
contrast, under 0.3 sun irradiation, the surface temperature 
exceeded this threshold, enabling the WCA to recover to 
approximately 150° [154]. Similar photothermal-triggered 
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self-healing behavior has also been reported in coatings 
using PDA, TiN, MXene, or carbon-based absorbers [138, 
157–160].

However, higher temperature is not always beneficial. Exces-
sive localized heating or overly intense evaporation may promote 
vapor condensation within surface textures, disturb the Cassie-
Baxter state, and even trigger a Cassie-to-Wenzel transition, 
thereby increasing liquid adhesion and weakening superhydro-
phobicity [149]. Moreover, long-term overheating can accelerate 
polymer photo-oxidation, thermal aging, coating softening, or 
migration of low-surface-energy components, ultimately desta-
bilize the hierarchical surface texture, and reduce coating dura-
bility [152, 153, 161]. Therefore, the design of photothermal 
superhydrophobic textiles should not simply pursue maximum 
light absorption or the highest surface temperature. An ideal sys-
tem should generate sufficient heat to activate droplet removal 
and molecular chain reorientation while remaining below the 
range where interfacial condensation, polymer softening, or 
coating degradation becomes significant.

Overall, the interplay between superhydrophobicity and 
photothermal functionality is a regulated coupling, not a 
simple positive feedback loop. Hierarchical roughness and 
trapped air enhance photothermal performance by extending 
optical path length and reducing heat loss. Conversely, pho-
tothermal heating sustains superhydrophobicity by accelerat-
ing evaporation, promoting droplet depinning, and activat-
ing molecular reorientation. However, these effects operate 
within boundary conditions: excessive heating may induce 
Cassie-to-Wenzel transition, while insufficient heating leads 
to incomplete recovery. Therefore, rational design should 
optimize optical trapping, heat retention, droplet dynamics, 
and molecular chain mobility within an appropriate work-
ing window.

5 � Photothermal Superhydrophobic Textiles: 
Development and Classification

The past decade (2015–2025) has witnessed a remarkable 
evolution in photothermal superhydrophobic textiles, trans-
forming them from laboratory curiosities into sophisticated 
multi-functional platforms. As chronologically summarized 
in Fig. 6, this progression reveals clear paradigm shifts: from 
passive water repellency to actively responsive systems for 
thermal management, energy conversion, and environmen-
tal adaptation. This integrated section provides a concise 

milestone-oriented overview and then transitions to a sub-
strate-based classification, avoiding the repetition inherent in 
separate chronological and categorical discussions.

5.1 � Development Milestones

The inaugural phase (2015) integrated photocatalytic and 
plasmonic properties for self-cleaning surfaces, exemplified 
by Ag@ZnO-coated cotton fabrics via bio-inspired miner-
alization [162]. By 2017, stimuli responsiveness emerged 
through antibacterial polymer@PUF on cotton, enabling 
pH-triggered wettability switching for oil–water separation 
[163]. A pivotal leap occurred in 2018 with graphene aero-
gel@phase-change fibers, introducing energy management 
by combining broadband light absorption with latent heat 
storage (93.5 J g−1) [164].

The 2020–2022 period focused on harsh environment 
performance. The Ag@PDMS on polypropylene fabrics 
(S-PPF) combined superhydrophobicity with Joule heating, 
photothermal effects, and EMI shielding [165]. Carbon-
based electro-photothermal layers on quartz fabrics (QF-
CF) reached 49.5 °C under solar simulation and 87.2 °C 
at 3.0 V [166]. The ink@PMHS on Ni-plated PET fabrics 
(PMHS-Ink/Ni–P/PET) achieved delayed icing of 507 s 
at − 14 °C using cost-effective Chinese ink146 [165]. In 
2024, the electro-photothermal composite coating (EPS) 
demonstrated robust all-weather reliability with dual-mode 
heating (51.8 °C under 1.0 sun; 83.2 °C at 3.0 V) [167]. 
Most recently, integrated multifunctionality has been empha-
sized through systems such as Ag@PDMS-coated cotton 
and PANI-PPy/AgNWs/cotton textiles, combining photo-
thermal conversion, antibacterial protection, UV shielding, 
and electromagnetic attenuation [93, 168].

Collectively, the trajectory mapped in Fig. 6 reveals dis-
tinct phases: foundational multifunctionality (2015), stimuli 
responsiveness (2017), energy management (2018), harsh 
environment robustness (2020–2022), all-weather reliabil-
ity (2024), and integrated smart functionality (2023–2025). 
To avoid repetition, detailed material compositions, fabri-
cation strategies, and application-specific mechanisms are 
discussed in the following substrate-based classification and 
subsequent application sections.
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5.2 � Classification by Substrate Type

The design of photothermal superhydrophobic textiles is 
strongly governed by the intrinsic properties of the tex-
tile substrate. Unlike rigid substrates, fabrics are flexible, 
porous, deformable, and chemically heterogeneous assem-
blies of fibers and yarns. Their fiber chemistry, surface func-
tional groups, pore structure, thermal stability, mechanical 
strength, moisture behavior, comfort, and environmental 
footprint all influence the construction of superhydrophobic 
micro-/nanostructures and the integration of photothermal 
components. Therefore, substrate selection should not be 
regarded as a passive background factor, but as a key design 
variable that determines modification strategy, durability, 
functionality, and application suitability.

As illustrated in Fig. 7, textile substrates for photothermal 
superhydrophobic modification can be broadly categorized 
into four groups: natural fibers, regenerated fibers, synthetic 
fibers, and hybrid fabrics. Natural fibers, such as cotton and 
silk, provide comfort, biocompatibility, and abundant sur-
face functional groups. Regenerated fibers, represented by 
viscose and lyocell, combine cellulose-based chemistry 
with industrially controlled fiber formation, offering soft-
ness, drapability, and skin contact comfort. Synthetic fib-
ers, including polyester, polypropylene, PLA, and related 
polymeric fibers, provide tunable mechanical properties, 
low cost, durability, and scalable manufacturing. Hybrid 
fabrics, including blended fibers, composite yarns, laminated 
textiles, and multi-component fabrics, are widely used in 
practical textile products because they can balance comfort, 
strength, elasticity, cost, and durability. This classification 

Fig. 6   A decade of progress in photothermal superhydrophobic textiles (2015–2025). Ag@ZnO/cotton. Reproduced with permission [162].  
Copyright 2015, ACS. pH-responsive copolymer and PUF NPs/cotton. Reproduced with permission [163]. Copyright 2017, ACS. Graphene-
aerogel/phase-change fiber. Reproduced with permission [164]. Copyright 2018, Wiley. Ag@Fe3O4/PDMS/PP. Reproduced with permission 
[169]. Copyright 2020, Elsevier. C/quartz fabric. Reproduced with permission [166]. Copyright 2021, Elsevier. Ni–P/Chinese ink/PET. Repro-
duced with permission [165]. Copyright 2022, Elsevier. Ag/PDMS/cotton. Reproduced with permission [93]. Copyright 2023, ACS. Biochar/
SiO2/SEBS-nylon. Reproduced with permission [167]. Copyright 2024, Wiley. PANI (polyaniline)-PPy/AgNWs/cotton. Reproduced with per-
mission. Reproduced with permission [168]. Copyright 2025, ACS
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provides a more realistic framework for connecting substrate 
characteristics with photothermal superhydrophobic design.

5.2.1 � Natural Fibers

Natural fibers remain the most widely studied substrates for 
photothermal superhydrophobic textiles due to their wearing 
comfort, breathability, biocompatibility, and environmental 
benefits. More importantly, their abundant surface functional 

groups facilitate the deposition of photothermal materials 
and the construction of low-surface-energy coatings.

Cotton is one of the most representative natural fiber sub-
strates. Its cellulose backbone contains abundant hydroxyl 
groups, enabling surface modification through hydrogen 
bonding, silane chemistry, polydopamine adhesion, poly-
mer coating, and nanoparticle deposition. This makes cotton 
highly suitable for constructing hierarchical roughness and 
anchoring photothermal components. As shown in Fig. 8a–c, 

Fig. 7   Textile substrates for photothermal superhydrophobic modification: intrinsic properties and representative application scenarios. PLA: 
polylactic acid‌. PP: polypropylene
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a superhydrophobic photothermal self-healing cotton fab-
ric was fabricated by sequentially depositing a cellulose 
nanocrystal-MXene photothermal layer and a polyacrylate 
hydrophobic layer [154]. In this system, the cotton substrate 
provides a flexible and hydrophilic scaffold for coating assem-
bly, while C-MXene contributes light-harvesting capability 
and the polyacrylate layer provides water repellency. After 
laundering, the swollen cotton fibers and rearranged hydro-
phobic chains may cause temporary loss of superhydropho-
bicity. Under mild solar irradiation, photothermal heating 
promotes moisture removal and the reorientation of nonpolar 
alkane chains in the polyacrylate coating, restoring surface 
water repellency with nearly 100% efficiency [154].

Silk is another important natural fiber, valued for its 
smooth texture, high wearing comfort, biocompatibility, 
and premium tactile properties [170]. As a protein fiber, silk 
differs from cellulose fibers in both chemical composition 
and surface characteristics, providing a distinct platform for 
wearable and biomedical textile applications. A representa-
tive example is Silk-PPy-PDMS, where PPy forms hierar-
chical nanostructures on silk fibers and serves as the photo-
thermal and conductive component, while PDMS provides 
low surface energy and water repellency [171]. As shown in 
Fig. 8d–f, this design transforms silk into a multifunctional 
textile integrating superhydrophobic self-cleaning, photo-
thermal antibacterial activity, and electromagnetic interfer-
ence shielding. Such systems are particularly suitable for 
skin contact protective textiles, medical fabrics, and smart 
wearable devices.

Despite these advantages, natural fibers also face durabil-
ity challenges. Their hydrophilicity and swelling behavior 
may weaken coating stability under washing, high humid-
ity, or repeated wetting/drying cycles. In addition, the envi-
ronmental benefit of natural fibers may be reduced when 
coated with fluorinated modifiers, synthetic polymers, or 
metallic nanoparticles. Therefore, future natural fiber-based 
photothermal superhydrophobic textiles should emphasize 
fluorine-free surface chemistry, strong interfacial anchoring, 
reduced particle shedding, and environmentally compatible 
end-of-life treatment.

5.2.2 � Regenerated Fibers

Regenerated fibers, such as viscose and lyocell, are man-
made cellulose fibers produced from natural cellulose 

resources. They occupy an intermediate position between 
natural and synthetic fibers: their backbone is cellulose-
based, but fiber formation relies on industrial regeneration. 
Compared with cotton, regenerated fibers generally show 
smoother surfaces, soft hand feel, good drapability, and 
favorable moisture management behavior. Lyocell, in par-
ticular, is valued for its dimensional stability and cleaner 
solvent-spinning process relative to conventional viscose 
production.

From the perspective of photothermal superhydrophobic 
design, regenerated cellulose fibers are promising substrates 
because they retain abundant hydroxyl groups, which sup-
port surface anchoring of functional coatings. Their softness, 
breathability, and skin contact comfort make them attrac-
tive for wearable photothermal textiles, including apparel, 
linings, bedding, and medical or hygiene-related fabrics. 
Their cellulose-based composition also offers opportunities 
for developing more sustainable superhydrophobic textile 
platforms.

However, regenerated fibers also introduce specific chal-
lenges. Their moisture absorption and swelling behavior may 
disturb the Cassie state and weaken coating–fiber interfaces 
under humid or washing conditions. The smoother surface of 
lyocell or viscose may also require additional roughness con-
struction to achieve stable superhydrophobicity. Therefore, 
robust interfacial engineering—such as covalent anchoring, 
hydrogen-bonded networks, or bioinspired adhesive layers—
is necessary to maintain coating stability during bending, 
laundering, and long-term service.

At present, direct research examples of regenerated fibers 
in photothermal superhydrophobic textiles remain limited. 
This contrasts with their wide use in real textile products and 
highlights an important research gap. Considering their com-
fort, cellulose-based chemistry, and increasing relevance in 
sustainable textile manufacturing, regenerated fibers deserve 
more attention as next-generation substrates for breathable, 
skin-friendly, and environmentally conscious photothermal 
superhydrophobic fabrics.

5.2.3 � Synthetic Fibers

Synthetic fibers are widely used in functional textiles due to 
their low cost, tunable mechanical properties, dimensional 
stability, durability, and compatibility with large-scale man-
ufacturing. Compared with natural and regenerated fibers, 
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Fig. 8   Representative research examples of photothermal superhydrophobic textiles based on different fabric substrates. a Fabrication process 
of the SPS cotton fabric; the insets indicate the corresponding water droplet image [154]. b Variation of surface temperature for cotton, PA/cot-
ton, MXene/PA/cotton (MPC), and SPS cotton fabrics [154]. c1 SEM image of the washed SPS cotton fabric in the condition of air drying; the 
insets indicate the corresponding water droplet image (left top) and surface temperature (left bottom), respectively [154]. c2 SEM image of the 
washed SPS cotton fabric under 0.3 sun irradiation for 20 min; the insets indicate the corresponding water droplet image (left top) and surface 
temperature (left bottom), respectively. Reproduced with permission [154].  Copyright 2025, ACS. d Method for formulating Silk-PPy-PDMS 
of different components [171]. e Schematic of the photothermal antibacterial mechanism [171]. f Comparative temperature profiles of pristine 
silk, Silk-P5, and Silk-P5-P over the 10-min irradiation period at 1.0 W cm−2 (808 nm) in wet environment. Reproduced with permission [171]. 
Copyright 2026, Springer Nature. g Schematic diagram for the process of preparation of PDMS/PANI@PET superhydrophobic photothermal 
fabrics [172]. h Application diagram of PDMS/PANI@PET in agriculture [172]. i Surface temperature distribution, SEM image, water contact 
angle, and TEM image of PDMS/PANI@PET. Reproduced with permission [172]. Copyright 2025, Elsevier. j Schematic illustration of Janus 
PP/PANX%PDA fibrous membrane [173]. k SEM images of PP and PP/PAN30%PDA. l Water contact angle of PP and PP/PAN30%PDA [173]. m Cor-
responding pictures of colonies of S. aureus derived from wound tissues at days 3 and 18. (I, Control; II, Bandage; III, PP/PAN30%PDA; IV, PP/
PAN30%PDA and laser; *p < 0.05, **p < 0.01, ***p < 0.001; n = 3). Reproduced with permission [173]. Copyright 2024, Wiley
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synthetic fibers generally exhibit lower moisture absorption 
and better resistance to deformation, microbial degrada-
tion, and outdoor environments, making them attractive for 
protective covers, outdoor fabrics, filtration materials, and 
industrial textiles.

Polyester is one of the most important synthetic substrates 
for photothermal superhydrophobic textiles. As shown in 
Fig. 8g–i, PDMS/PANI@PET fabric was prepared by in situ 
polymerization of PANI on PET followed by PDMS coat-
ing [172]. PANI provides photothermal conversion and 
nanoscale roughness, while PDMS contributes low surface 
energy and water repellency. The resulting fabric maintains 
the flexibility and mechanical stability of PET while gain-
ing photothermal and superhydrophobic functions, making 
it suitable for outdoor protective textiles such as agricultural 
greenhouse covers.

Polypropylene nonwoven fabrics are another important 
synthetic substrate, especially for disposable medical, filtra-
tion, and protective products. Their intrinsic hydrophobicity, 
low density, and low cost are advantageous for large-scale 
fabrication. As shown in Fig. 8j–m, a Janus PP/PANx%PDA 
membrane was constructed by electrospinning a PDA-con-
taining PAN nanofiber layer onto a PP nonwoven substrate 
[173]. The asymmetric structure enables unidirectional liq-
uid transport, while PDA provides photothermal responsive-
ness and antibacterial function.

PLA represents a special synthetic fiber because it is bio-
based and biodegradable. It combines polymer processabil-
ity with improved sustainability potential, making it attrac-
tive for disposable and environmentally friendly textile 
products. However, PLA generally has lower heat resistance 
and weaker mechanical robustness than many petroleum-
based synthetic fibers, which may limit its stability under 
high photothermal temperatures or repeated mechanical 
stress.

Overall, synthetic fibers are well suited for applications 
requiring mechanical robustness, low cost, outdoor durabil-
ity, and scalable production. Their main limitation lies in 
sustainability. Petroleum-based fibers such as PET and PP 
raise concerns regarding microplastic release and end-of-
life treatment. Future research should therefore combine the 
durability of synthetic fibers with recyclable coating designs, 
bio-based polymers, safer photothermal fillers, and reduced 
environmental release.

5.2.4 � Hybrid Fabrics

Hybrid fabrics, including blended fibers, composite yarns, 
laminated textiles, and fabrics constructed from multiple 
fiber types, are extremely common in real textile products. In 
practical clothing and technical textiles, blending is widely 
used to balance comfort, strength, elasticity, cost, breatha-
bility, and appearance. For example, cotton/polyester blends 
combine the comfort of cotton with the dimensional stability 
and durability of polyester, while elastane-containing blends 
provide stretchability for sportswear and wearable devices.

For photothermal superhydrophobic textiles, hybrid fab-
rics offer a promising route to balance multiple performance 
requirements at the substrate level. Single-fiber substrates 
often have clear strengths and weaknesses: cotton is com-
fortable and easy to modify but absorbs moisture; polyester 
is durable but less reactive toward coating adhesion; PLA 
is more sustainable but mechanically weaker; silk is com-
fortable but costly. Hybridization can integrate complemen-
tary properties within one textile platform, where one fiber 
component provides comfort, another contributes strength, 
and the functional coating adds superhydrophobicity and 
photothermal conversion.

However, hybrid fabrics also introduce additional design 
complexity. Different fibers in a blended fabric may have 
different surface chemistries, swelling behavior, mechanical 
modulus, and coating affinity. A coating strategy optimized 
for one fiber type may not uniformly adhere to all compo-
nents in a hybrid substrate. During washing, bending, abra-
sion, and thermal cycling, such interfacial mismatch may 
accelerate coating cracking or uneven performance degra-
dation. Therefore, hybrid substrates require more universal 
interfacial strategies, such as adhesive primer layers, poly-
mer crosslinking, or mussel-inspired coatings.

Despite their importance in commercial textiles, hybrid 
fabrics remain rarely explored in photothermal superhydro-
phobic research. This mismatch between real-world textile 
use and current research focus deserves attention. Future 
studies should move beyond idealized single-fiber substrates 
and consider commercially relevant blended fabrics, because 
practical clothing, outdoor textiles, and protective fabrics 
often rely on hybrid structures. Research in this direction 
would help bridge laboratory demonstrations and real textile 
applications.
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5.3 � Perspective on Substrate Selection

The four substrate categories described above demonstrate 
that fiber selection strongly influences the design logic and 
application potential of photothermal superhydrophobic tex-
tiles. Natural fibers provide comfort, biocompatibility, and 
accessible surface chemistry; regenerated fibers offer cellu-
lose-based sustainability, softness, and drapability; synthetic 
fibers contribute durability, cost-effectiveness, and scalable 
processing; hybrid fabrics enable balanced and customizable 
textile performance. Each category offers distinct opportuni-
ties and faces specific limitations.

Current research remains concentrated mainly on natural 
fibers such as cotton and silk and synthetic fibers such as 
PET and PP, as reflected by the representative systems sum-
marized in Fig. 8 [154, 171–173]. In contrast, regenerated 
and hybrid fibers are widely used in commercial textiles but 
remain underrepresented in photothermal superhydrophobic 
studies. Expanding substrate selection toward regenerated 
cellulose fibers, bio-based synthetic polymers, and commer-
cially relevant blended fabrics will be important for devel-
oping smart textiles that are not only highly functional, but 
also comfortable, durable, scalable, and environmentally 
responsible.

6 � Fabrication Approaches for Photothermal 
Superhydrophobic Textile

The successful translation of conceptual designs into func-
tional photothermal superhydrophobic textiles depends on 
the strategic selection of fabrication methods. These pro-
cesses must balance creating durable hierarchical surface 
topography for the Cassie-Baxter state while effectively 
integrating photothermal nanomaterials. As illustrated in 
Fig. 9, fabrication routes bifurcate into two complementary 
paradigms: top-down and bottom-up approaches.

6.1 � Top‑Down Approaches

Top-down strategies modify existing textile substrates to 
create micro- and nanoscale surface features, often yielding 
enhanced durability due to the absence of a discrete coat-
ing–substrate interface. However, efficacy varies signifi-
cantly based on substrate properties [138, 174–176].

Chemical etching enables functionalization of challenging 
substrates. For instance, a superhydrophobic anti-icing ara-
mid fabric (SH-MN-AF) was developed via a proton donor-
assisted deprotonation-induced roughening (PAIR) method 
(Fig. 10a) [23]. Using a KOH/DMSO solvent system, this 
approach created densely packed acicular nanostructures 
on the fiber surface without compromising core integrity 
(Fig. 10b, c). The resulting “rough-surface-on-intact-core” 
architecture achieved an icing delay time of 1920 s—1150% 
that of pristine aramid fabric.

Laser etching offers unparalleled precision for creating 
defined surface architectures. Janus fabrics with asym-
metric wettability were fabricated by creating a uniformly 
hydrophobic cotton fabric via SiO2 nanoparticle spraying, 
followed by selective femtosecond laser scanning on one 
side to remove particles and restore hydrophilicity (Fig. 10d) 
[177]. The laser-treated side showed exposed smooth fibers 
(Fig. 10e), while the untreated side-maintained nanoparti-
cle coverage and hydrophobicity (Fig. 10f). This enabled 
unidirectional liquid transport, effective antifouling, and 
enhanced thermal comfort.

Plasma treatment occupies a middle ground between 
chemical and physical approaches, offering gentle yet 
effective surface activation [178–181]. It creates nanoscale 
roughness while simultaneously introducing reactive func-
tional groups as anchoring sites for subsequent function-
alization [182]. This is particularly valuable for modifying 
inert polymers like polypropylene, as demonstrated in the 
successful adhesion of PDMS/Ag nanoparticle layers to 
plasma-activated PP fabrics [183].

Mechanical abrasion represents the simplest but least 
controlled method, often causing unacceptable damage to 
fiber integrity. These examples collectively highlight that 
top-down methods excel when the substrate itself can be 
transformed into the functional material, creating systems 
where surface and bulk properties are intrinsically linked 
for enhanced durability and performance.

6.2 � Bottom‑Up Approaches

In contrast to top-down methods, bottom-up approaches 
construct functionality through the systematic assembly 
of nanoscale components onto textile substrates, enabling 
precise engineering of photothermal and superhydrophobic 
properties [184–186].
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Spray-coating offers rapid processing and scalability. For 
instance, a dual conductive network textile-based compos-
ite (DCNTC) for underwater strain sensing was developed 
by combining continuous spraying with step-wise curing of 
Ecoflex elastomer (Fig. 10g) [187]. MXene and fluorinated 
carbon nanotubes formed synergistic conductive pathways 
embedded within a flexible polymer matrix. SEM com-
parisons (Fig. 10h, i) show the transformation from smooth 
nylon fibers to a roughened conductive surface. This sen-
sor maintained superhydrophobicity after 5000 stretching 
cycles, sandpaper abrasion, and water impact.

Building upon the simplicity of spray-coating, layer-by-
layer (LBL) assembly enables molecular-level precision. A 
superhydrophobic conductive NS fabric (OTCNS) was cre-
ated through mussel-inspired LBL assembly using a metal-
phenolic network as an adhesive platform for sequentially 
depositing cellulose nanofiber-dispersed carbon nanotubes 
onto nylon/spandex fabric (Fig. 10j) [188]. The color transi-
tion from white to blue-violet confirmed successful TA-Fe3+ 
complex deposition (Fig.  10k, l), while SEM analyses 
(Fig. 10m, n) revealed controlled nanoscale roughness. This 
textile maintained superhydrophobicity under 100% strain 

and achieved efficient photothermal conversion (84.7 °C at 
450 mW cm−2).

Beyond deposition-based methods, in situ growth offers 
unparalleled adhesion through direct nucleation of photo-
thermal nanoparticles from molecular precursors on fiber 
surfaces, forming chemical bonds that anchor the functional 
layer. Examples include polyaniline growth on polyester for 
Joule heating [189] and bio-inspired mineralization for robust 
multifunctional coatings [190, 191]. The key advantage is 
creating conformal coatings that preserve fabric breathability.

Further expanding the fabrication toolbox, dip-coating 
and templating methods provide alternative pathways. 
Dip-coating ensures uniform coverage on complex woven 
structures, as demonstrated in self-healing cotton fabrics 
via sequential deposition of MXene and polyacrylate layers 
[154]. Sol–gel and salt templating create three-dimensional 
porous structures enhancing surface roughness and thermal 
insulation [129, 192, 193].

Collectively, the progression from spray-coating to LBL 
assembly (Fig. 10g–n) illustrates a fundamental evolution 
from simple surface coverage to sophisticated interfacial 
engineering, enabling researchers to select the optimal 

Fig. 9   Fabrication strategies for photothermal superhydrophobic textiles: top-down and bottom-up approaches
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approach based on requirements for durability, precision, 
and scalability.

6.3 � Strategic Integration: Toward Hybrid Fabrication 
Paradigms

The distinction between top-down and bottom-up approaches 
fundamentally shapes the resulting material’s properties 
and performance characteristics. As visualized in Fig. 10, 
each paradigm offers complementary advantages: top-down 
methods create intrinsic durability on compatible substrates, 
while bottom-up approaches provide unmatched versatility 
in material combinations. The most advanced fabrication 
strategies now recognize that these approaches are not mutu-
ally exclusive but rather complementary.

A critical issue during scale-up is that coating adhesion 
measured on small laboratory samples may not be main-
tained during continuous textile manufacturing. In roll-to-
roll or pad-dry-cure processes, uneven liquid uptake, ten-
sion-induced fiber deformation, rapid drying, and repeated 
bending over rollers can generate spatial variations in coat-
ing thickness and interfacial bonding strength. Coatings 
constructed mainly through physical adsorption, van der 
Waals interactions, or electrostatic interactions are particu-
larly vulnerable to particle shedding during washing and 
wearing. This limitation has also been noted in scalable 
MOF-textile fabrication, where conventional deposition, 
dip-coating, hot-pressing, and spraying methods often suffer 
from poor washing and wearing durability because of weak 
non-covalent interactions. In contrast, diazonium chemistry 

Fig. 10   Representative examples of top-down and bottom-up fabrication routes for photothermal superhydrophobic textiles. a Schematic illus-
tration of the fabrication process of SH-MN-AF fabric [23]. SEM images of b pristine aramid fabric and c MN-AF fabric. Reproduced with 
permission [23].  Copyright 2024, Elsevier. d Schematic illustration of the fabrication process of Janus fabrics [177]. Surface morphology char-
acterizations of e Janus fabric hydrophilic side and f Janus fabric hydrophobic side. Reproduced with permission [177]. Copyright 2025, Else-
vier. g Schematic illustration of the fabrication [168]. SEM images of h the original nylon textile and i the dual conductive network textile-based 
composite (DCNTC). Reproduced with permission [187]. Copyright 2025, Elsevier. j Illustration of the assembly process of OTCNS via the 
LBL assembly approach and super-hydrophobic treatment [188]. Digital photographs of k TF/NS and l TF and CC/NS-4. SEM images for the 
surface of m TF/NS, n TF and CC/NS-4. Reproduced with permission [188]. Copyright 2025, Elsevier
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can form aryl–surface covalent bonds with bond energies 
above 50 kcal mol−1, providing a stronger anchoring route 
for functional coatings on cellulose fibers [194].

Even for chemically anchored or in situ grown systems, 
however, scale-up still involves measurable performance 
degradation. For example, scalable ZIF-67-cotton textiles 
fabricated at a size of 30 m × 0.25 m retained most of the 
MOF coating after ISO 105 C10 laundering, but SEM 
still revealed partial MOF particle loss at some locations; 
meanwhile, the tensile strength decreased from 31.43 to 
25.98  MPa and air permeability decreased from 252.7 
to 203.5 mm s−1 after modification [194]. Similarly, in a 
CuBTC@cotton system prepared via layer-by-layer in situ 
growth, 15 laundering cycles caused slight CuBTC parti-
cle loss, with WCA decreasing to 156.6° ± 1.8° and WSA 
increasing to 4.3° ± 1.1°. After 500 mechanical abrasion 
cycles, the fiber structure was seriously damaged, and WCA 
decreased from 168.4° ± 1.6° to 152.6° ± 2.4°, while WSA 
increased from 2.3° ± 0.3° to 16.9° ± 0.8° [195]. These 
results indicate that industrial scalability should be evalu-
ated not only by sample size or production throughput, but 
also by adhesion retention after washing, abrasion, bending, 
and continuous-processing deformation. Therefore, future 
fabrication studies should report coating mass loss, WCA/
SA retention, photothermal retention, tensile strength loss, 
air permeability change, and spatial uniformity along the 
processed fabric length.

The future of photothermal superhydrophobic textile fab-
rication lies in intelligent hybrid strategies that synergize 
the strengths of both paradigms. For instance, combining 
plasma pre-treatment (top-down) with subsequent in situ 
growth (bottom-up) creates systems with optimized inter-
face strength and functional performance. Such integrated 
approaches represent the next frontier in textile engineering, 
promising materials with unprecedented durability, function-
ality, and adaptability for demanding applications.

7 � Comprehensive Evaluation Index System 
for Photothermal Superhydrophobic 
Fabrics

The performance evaluation of photothermal superhydro-
phobic fabrics requires a multidimensional approach that 
integrates wettability, photothermal conversion capability, 
and substrate-specific properties. Establishing a standardized 

evaluation system is critical for quantifying material effi-
ciency, facilitating comparative analysis, and guiding 
industrial scalability. This section systematically outlines 
key performance indicators, their theoretical foundations, 
measurement methodologies, and relevance to real-world 
applications.

7.1 � Superhydrophobic Performance Indicators

7.1.1 � WCA and SA

As established in Sect. 2, WCA and SA serve as funda-
mental metrics for evaluating superhydrophobic properties, 
with particular significance for textile substrates due to their 
complex surface topography. While WCA quantifies static 
liquid repellency, SA provides crucial information about 
dynamic droplet behavior, which is especially relevant for 
self-cleaning applications where efficient droplet roll-off is 
essential. The measurement of these parameters on fabric 
surfaces requires careful consideration of their fibrous and 
porous nature, as standardized in ASTM D7334 for contact 
angle measurement on inclined surfaces and ASTM D724 
specifically adapted for textile substrates [196–200]. These 
protocols specify controlled conditions including droplet 
volume (typically 5–10 μL), temperature (20 ± 2 °C), and 
relative humidity (65% ± 5%) to ensure reproducible results 
across different laboratories.

For textile applications, the interpretation of WCA and SA 
values must account for fabric structure variations. Woven 
fabrics with tight weaves generally exhibit more consistent 
measurements compared to nonwoven or knitted structures, 
where surface heterogeneity can lead to wider measure-
ment distributions. Furthermore, the directional depend-
ence of these measurements along warp and weft directions 
in woven fabrics necessitates multidirectional assessment 
for comprehensive characterization. A high WCA (> 150°) 
combined with a low SA (< 10°) indicates robust superhy-
drophobicity, but additional considerations such as droplet 
penetration resistance and capillary effects in fabric inter-
stices provide supplementary insights for practical applica-
tions [181–184]. The durability of these wetting properties 
under mechanical stress and environmental exposure ulti-
mately determines the real-world viability of photothermal 
superhydrophobic textiles.
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7.1.2 � Mechanical Stability (Durability)

The mechanical durability of superhydrophobic coatings on 
textile substrates represents a critical performance indica-
tor that directly determines practical applicability and ser-
vice life. Taber abrasion testing according to ASTM D4060 
provides standardized evaluation by simulating long-term 
wear through rotating abrasive wheels under controlled pres-
sure conditions [126, 201–203]. This method quantitatively 
assesses coating durability by measuring WCA retention 
and mass loss after specified abrasion cycles, with fabrics 
maintaining WCA > 150° after 1,000 cycles under 250-g 
load considered mechanically robust for most applications. 
Complementary assessment methods include Martindale 
abrasion (ISO 12947) for simulating fabric-to-fabric friction 
encountered in wearable applications and sandpaper abra-
sion testing for evaluating extreme wear resistance under 
harsh conditions.

Additionally, laundering durability evaluated through 
AATCC 61 or ISO 6330 protocols assesses coating stability 
against detergent chemicals and mechanical agitation during 
washing cycles [204–207]. The degradation pattern of WCA 
after multiple washing cycles provides insights into coating 
adhesion quality and chemical resistance. For photothermal 
superhydrophobic fabrics, maintaining functionality after 
repeated laundering is particularly challenging due to com-
bined chemical and mechanical stresses that can compromise 
both superhydrophobicity and photothermal activity.

The mechanical stability of these multifunctional tex-
tiles is primarily governed by interfacial bonding strength 
between functional coatings and textile substrates. Advanced 
strategies such as covalent grafting through plasma pretreat-
ment, self-healing polymer networks, and multilayer com-
posite structures significantly enhance abrasion resistance 
while preserving photothermal functionality [126, 138, 169, 
208]. For instance, fabrics incorporating polydopamine 
adhesion layers or elastic polymers like PDMS demonstrate 
superior WCA retention (> 90%) after extensive abrasion, 
ensuring long-term performance in demanding applications 
such as protective workwear and outdoor equipment. These 
durability enhancements, coupled with appropriate testing 
methodologies, enable the development of photothermal 
superhydrophobic textiles that balance advanced function-
ality with practical robustness.

7.2 � Photothermal Performance Indicators

7.2.1 � Light‑Induced Temperature Rise

The light-induced temperature rise serves as a fundamen-
tal and directly observable metric for evaluating the pho-
tothermal efficacy of functional textiles. This parameter is 
particularly significant for fabric substrates, as their porous, 
flexible nature introduces unique thermal behaviors distinct 
from rigid materials. When assessing photothermal super-
hydrophobic fabrics, temperature elevation profiles are typi-
cally captured using infrared thermography or embedded 
micro-thermocouples under controlled illumination condi-
tions, most commonly with solar simulators calibrated to 
1 kW m−2 (AM 1.5 G spectrum) or specific wavelength 
lasers [209–211]. The transient temperature profile, charac-
terized by the heating rate, maximum equilibrium tempera-
ture (Tmax), and cooling dynamics, provides critical insights 
into the material’s practical capabilities.

For textile applications, several factors specific to fabric 
substrates significantly influence temperature performance. 
The porous structure of fabrics promotes convective heat 
loss, which often results in lower equilibrium temperatures 
compared to solid substrates under identical illumina-
tion. Consequently, achieving rapid temperature increases 
(e.g., > 40 °C within 60 s) requires optimized light absorp-
tion and minimized thermal mass. Different applications 
demand distinct temperature profiles: deicing applications 
typically require moderate temperatures (40–60 °C) sus-
tained over large areas, while antibacterial functionality may 
need higher temperatures (> 70 °C) localized at contamina-
tion sites [119, 139, 212, 213]. The fabric’s weave structure 
and fiber composition further modulate thermal response, 
with tighter weaves generally providing better heat retention 
but potentially compromising flexibility.

Standardized testing protocols must account for these 
fabric-specific characteristics. Samples should be tested 
under realistic conditions, including varying airflow veloci-
ties (0–2 m s−1) to simulate wearable scenarios, and different 
backing materials (e.g., skin simulants) to replicate actual use 
environments. The thermal imaging should capture spatial 
temperature distribution across the textile surface, identify-
ing potential hotspots or inefficient heating zones that might 
affect comfort or functionality [139, 214–216]. This com-
prehensive assessment ensures that photothermal textiles 
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meet both performance requirements and practical usability 
standards for their intended applications.

7.2.2 � Spectral Absorptance (Solar Absorptivity)

Spectral absorptance (α) represents a crucial intrinsic 
property determining a material’s capability to convert 
incident light into thermal energy. For photothermal tex-
tiles, accurate measurement and optimization of this 
parameter require special considerations due to the com-
plex topography and multi-scale structures characteris-
tic of fabric substrates. The absorptance is quantitatively 
defined as α(λ) = 1 − R(λ) − T(λ), where R(λ) is reflectance 
and T(λ) is transmittance at specific wavelengths, typi-
cally measured across the solar spectrum (300–2500 nm) 
using UV–Vis–NIR spectroscopy with integrating spheres 
[217–219].

Textile substrates present unique challenges for 
absorptance characterization due to their surface rough-
ness, fiber orientation, and porous architecture. Unlike 
smooth surfaces, fabrics exhibit significant light scattering, 
necessitating specialized measurement configurations that 
account for diffuse reflectance and transmittance [217, 219]. 
For accurate results, samples should be measured at multi-
ple locations and orientations, with averaging to accommo-
date structural variations. High-performance photothermal 
textiles typically achieve broadband absorptance exceed-
ing 90% through strategic material selection and structural 
engineering. Carbon-based nanomaterials (e.g., graphene, 
carbon nanotubes) provide excellent broadband absorption, 
while plasmonic nanoparticles (e.g., Au, Ag) offer tunable 
resonance peaks in specific wavelength ranges [87, 109, 117, 
213, 220].

Microstructural engineering plays a pivotal role in 
enhancing light absorption on fabric substrates. Hierarchi-
cal structures combining micro-scale fiber topography with 
nano-scale surface features enable multiple light scattering 
and trapping effects, significantly prolonging the optical path 
length and increasing absorption probability [112, 119, 212, 
217, 221]. Additionally, the textile’s inherent porosity can 
be leveraged to create light-trapping cavities that further 
enhance absorption. However, excessive material loading to 
boost absorption must be balanced against maintaining fab-
ric flexibility, breathability, and comfort. Recent advances 
include the development of wavelength-selective absorbers 

that maximize solar absorption while minimizing thermal 
radiation losses, particularly valuable for outdoor applica-
tions where radiative cooling can compromise efficiency 
[222–224].

7.2.3 � Photothermal Conversion Efficiency (η)

Photothermal conversion efficiency (η) is the key figure 
of merit for photothermal textiles, describing how effec-
tively incident optical energy is converted into useful heat. 
In practice, η is not a single “absolute” number unless the 
definition and test boundary conditions are clearly specified. 
Two closely related metrics are therefore recommended: (i) 
an internal (absorption-normalized) efficiency that evalu-
ates heat generation per absorbed optical power, and (ii) 
an external (incident-normalized) efficiency that evaluates 
the net heat delivered to the environment per incident opti-
cal power [225, 226]. For textile substrates—where strong 
scattering, porosity-driven convection, and variable contact 
to the surroundings are inherent—reporting both metrics 
(together with the test setup) greatly improves cross-study 
comparability.

A general transient energy balance for a photothermally 
heated specimen can be expressed as [226, 227]:

Here, meff Ceff is the effective heat capacity of the meas-
ured system (photothermal textile, holder, and any backing 
layer included in the thermal mass), Qin is the light-derived 
heat generation, and Qout is the total heat dissipation to the 
surroundings (conduction, convection, and thermal radia-
tion). In most photothermal efficiency protocols, these dis-
sipation channels are lumped into an effective heat-transfer 
term hS(T − Tenv), where h is an effective heat-transfer coef-
ficient and S is the effective heat-loss area under the given 
mounting and airflow conditions [225, 226]. In essence, 
Eq. (21) treats the textile as a thermal system: its tempera-
ture rises when photothermal heat gain exceeds heat loss, 
and equilibrium is reached when the two balance. Therefore, 
the measured temperature–time curve reflects not only the 
coating’s intrinsic photothermal ability but also the ther-
mal mass and heat dissipation environment of the entire test 
setup.

(21)meffCeff

dT

dt
= Qin − Qout
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Under monochromatic irradiation (e.g., a laser at wave-
length λ), the absorbed optical power is commonly written as 
I·(1 − 10−Aλ) [225, 226], where I is the incident laser power 
and Aλ is the absorbance at λ. The internal photothermal 
conversion efficiency is then obtained at steady state (dT/
dt = 0) as [227, 228]:

In essence, η quantifies how efficiently absorbed mono-
chromatic light is converted to usable heat, with background 
absorption subtracted. Its value is meaningful only when 
heat-loss conditions are measured consistently. In this for-
mulation, Tmax is the steady-state maximum temperature 
under illumination, Tenv is the ambient (surrounding) tem-
perature, and Qdis (or Q0 in some reports) accounts for base-
line heat input arising from light absorption by the blank 
substrate/holder/solvent, measured independently under 
identical illumination. This Roper-type framework is widely 
adopted across photothermal systems, including NIR (e.g., 
1064 nm) excitation, where Aλ is measured at the laser wave-
length in supporting information protocols [225, 226].

For broadband solar (or solar-simulator) illumination, 
it is often more meaningful for wearable textiles to report 
an external solar–thermal efficiency referenced to incident 
power density (Isun, W m−2) and illuminated area (A, m2) 
[227–229]:

This external efficiency reflects the practical solar–ther-
mal output under broadband irradiation, directly relevant to 
wearable textiles evaluated under sunlight or solar-simulator 
conditions. If the goal is to isolate the “material-intrinsic” 
conversion capability from optical collection effects, the 
absorbed fraction should be included explicitly. For scatter-
ing textiles, a solar-weighted absorptance ( �solar ) is prefer-
ably obtained from integrating-sphere reflectance/transmit-
tance spectra as [218, 230]:

This equation converts wavelength-dependent absorption 
into a single solar-weighted value by accounting for the solar 
spectrum’s intensity distribution. In essence, it answers: 

(22)�int =
hS(Tmax − Tenv) − Qdis

I(1 − 10−A�)

(23)�ext =
hS(Tmax − Tenv) − Qdis

IsunA

(24)�solar =
∫ �2
�1

[1 − R(�) − T(�)]Esun(�)d�

∫ �2
�1

Esun(�)d�

how much of real sunlight—rather than monochromatic 
light—the textile can absorb. The absorption-normalized 
efficiency can be written as ηint, solar = ηext/�solar. This distinc-
tion is important because many high-performing photother-
mal fabrics achieve excellent external efficiency primarily 
by maximizing broadband absorption while also managing 
heat losses through structure and mounting.

For porous textile substrates, the heat-transfer coefficient 
should not be treated as a universal constant because intrin-
sic porosity and air permeability can introduce additional 
convective heat loss through inter-fiber voids and through-
thickness air exchange. Therefore, when applying cooling 
curve-based photothermal efficiency equations, hS should 
be regarded as an effective or apparent heat-loss term, heff 
Seff, rather than a purely material-independent convective 
coefficient.

Practically, heff Seff should be experimentally determined 
for each textile specimen under the same mounting configu-
ration, airflow condition, backing layer, exposed area, ambi-
ent temperature, and humidity using the cooling curve after 
the light source is switched off [204–207]:

In this way, porosity-induced convection is incorpo-
rated into the measured effective heat-loss coefficient. 
For cross-study comparison, fabric porosity, thickness, air 
permeability, projected/exposed area, clamping method, 
backing or insulation condition, ambient airflow, humid-
ity, and environmental temperature should be reported 
together with η. If samples with different porosities are 
compared, heff can be normalized using the same projected 
heat-loss area and measured under identical airflow con-
ditions, rather than adopting a fixed h value from dense 
films, solution systems, or rigid substrates.

It should be noted that a universal correction formula 
that relates h only to fabric porosity, such as h = f(ε), is 
not generally applicable, because convective heat loss in 
textiles is also affected by pore-size distribution, fabric 
thickness, weave or knit architecture, surface roughness, 
sample orientation, and airflow velocity. Therefore, sam-
ple-specific cooling curve determination under standard-
ized boundary conditions is currently a more reliable route 

(25)� = T − Tenv∕Tmax − Tenv

(26)ln (�) = −t∕�s

(27)heffSeff = meffCeff∕�S
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for comparing photothermal conversion efficiency among 
porous textile systems.

Measurement standardization is essential for meaning-
ful efficiency comparisons across different photothermal 
textiles. While ASTM E1980 provides guidance for solar 
absorptance evaluation, robust η assessment should addi-
tionally control airflow, humidity, and background tem-
perature and should specify sample clamping/mounting 
in a way that reflects real use scenarios [230]. For fabric 
substrates, it is often informative to test both free-standing 
configurations and backed configurations (e.g., insulation 
layers or skin simulants), because the same photothermal 
coating can yield substantially different ηext depending on 
heat-loss pathways.

Advanced photothermal textiles incorporating carbon 
nanomaterials, MXene/2D absorbers, or optimized plas-
monic architectures have reported very high conversion 
efficiencies when evaluated under well-controlled condi-
tions [21, 25, 30, 33, 39]; however, the reported value 
depends on whether the metric is internal vs external, 
monochromatic vs broadband illumination, and how Qdis 
and hS are determined. For wearable applications, high 
practical efficiency must be achieved without sacrificing 
drape, breathability, softness, and safety. Strategies such 
as localized coating deposition, gradient distributions, 
and multilayer (absorber/insulator/emitter) designs can 
improve ηext by simultaneously increasing α ̄solar and sup-
pressing convective/conductive losses [2, 48]. Finally, 
because textiles experience repeated bending, abrasion, 
and laundering, reporting η retention after mechanical 
deformation and washing cycles is crucial to demonstrate 
that laboratory-measured performance translates to real-
world utility.

7.3 � Fabric Substrate Performance Indicators

7.3.1 � Mechanical Integrity Under Multifunctional Stress

The mechanical integrity of fabric substrates under com-
bined stress conditions is paramount for ensuring the prac-
tical viability and longevity of photothermal superhydro-
phobic textiles. This evaluation must encompass tensile, 
tear, and bending properties, which collectively determine 
how the material withstands mechanical challenges in real-
world applications. Tensile strength testing according to 

ASTM D5035 provides critical data on the maximum load-
bearing capacity of fabrics, with performance retention 
exceeding 85% after functionalization indicating minimal 
structural compromise [184, 231, 232]. Concurrently, tear 
resistance evaluation following ASTM D5587 assesses the 
fabric’s ability to resist crack propagation, particularly 
crucial for protective gear and technical textiles where 
accidental damage may occur. The preservation of tear 
strength after coating application often depends on uni-
form dispersion of photothermal nanomaterials and strong 
interfacial adhesion to prevent stress concentration.

Flexural rigidity measurement via ASTM D1388 (can-
tilever test) quantitatively evaluates fabric stiffness, a key 
determinant of wearability and comfort. Coatings causing 
more than 15% increase in bending length typically result 
in unacceptable hand feel, necessitating optimization 
through flexible polymer matrices or patterned deposition 
techniques. Advanced characterization methods includ-
ing scanning electron microscopy of stressed regions and 
cyclic fatigue testing (over 10,000 cycles at 10%–20% 
strain) provide insights into coating-substrate interfacial 
durability under repetitive deformation [33, 187]. These 
comprehensive mechanical assessments ensure that pho-
tothermal superhydrophobic textiles maintain structural 
integrity while delivering advanced functionality, ena-
bling applications from smart apparel to industrial textiles 
where mechanical robustness is essential for long-term 
performance.

7.3.2 � Thermo‑Physiological Comfort

Thermo-physiological comfort represents a critical perfor-
mance dimension that directly influences wearer accept-
ance and practical utility of photothermal superhydro-
phobic textiles. This multifaceted attribute encompasses 
air permeability, moisture management, and thermal 
properties that collectively govern human thermoregula-
tion and subjective comfort. Air permeability assessment 
following ASTM D737 quantifies the ease of air passage 
through fabric, with maintained permeability above 100 
cm3/cm2/s being essential for preventing heat and moisture 
accumulation in wearable applications [139, 233]. Photo-
thermal superhydrophobic coatings must be engineered 
with porous architectures or selective deposition patterns 
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to preserve adequate airflow while maintaining functional 
performance.

Moisture vapor transmission rate (MVTR) evaluation 
according to ASTM E96 measures water vapor permeability, 
a critical factor in maintaining dry comfort during physi-
cal activity. Optimal functionalization should limit MVTR 
reduction to less than 20% compared to untreated fabrics, 
achieved through nanoscale coating designs that allow vapor 
diffusion while blocking liquid penetration [233]. Comple-
mentary liquid moisture management testing (AATCC 195) 
provides additional insights into dynamic wetting behavior 
and directional transport capabilities. Thermal conductiv-
ity assessment via ASTM D7984 combined with infrared 
thermography analysis enables comprehensive characteri-
zation of heat transfer properties and surface temperature 
distribution, identifying potential hot spots that may cause 
discomfort during extended wear.

The integration of comfort-oriented design strategies, 
such as breathable coating patterns, moisture-wicking fin-
ishes, and flexible nanocomposites, ensures optimal balance 
between advanced functionality and wearability. Subjec-
tive evaluation through standardized sensory testing (e.g., 
ASTM D6667) further validates comfort performance, with 
maintained fabric softness (bending length < 3 cm) and 
minimal stiffness increase being critical for user accept-
ance. These comprehensive comfort assessments guarantee 
that photothermal superhydrophobic textiles meet practical 
requirements for everyday wear while delivering enhanced 
functionality.

7.3.3 � Environmental and Chemical Resilience

Environmental and chemical resilience constitutes a vital 
performance category that determines the long-term stabil-
ity and application scope of photothermal superhydropho-
bic textiles under various exposure conditions. UV stability 
assessment following AATCC 16 evaluates photocatalytic 
degradation resistance, with high-performance fabrics main-
taining over 80% of original superhydrophobicity after 500 h 
of accelerated weathering [119, 184, 231]. The incorporation 
of UV-stabilizing additives or inherently stable photothermal 
materials significantly enhances resistance to solar degrada-
tion, ensuring durability in outdoor applications.

Chemical resistance testing encompasses comprehensive 
exposure to acids, alkalis, oils, and solvents according to 

standards such as AATCC 130 for stain resistance and ISO 
105-X12 for rubbing fastness. Textiles demonstrating stable 
performance across broad pH ranges (typically 3–11) enable 
applications in harsh environments including chemical pro-
cessing, marine operations, and medical sterilization [139, 
234]. Quantitative evaluation involves measuring WCA 
retention, photothermal efficiency, and mechanical proper-
ties after chemical exposure, providing crucial data for mate-
rial selection based on specific application requirements.

Thermal stability assessment through thermogravimetric 
analysis (TGA) and practical thermal cycling tests (− 20 to 
100 °C) determines performance maintenance under tem-
perature extremes encountered during processing and use. 
Additionally, comprehensive weathering resistance evalua-
tion following ASTM G155 provides accelerated aging data 
that predicts long-term outdoor performance by simulating 
combined environmental factors including UV radiation, 
moisture, and temperature variations. The development 
of self-healing coatings and robust nanostructures further 
enhances environmental resilience, enabling extended ser-
vice life in demanding applications from architectural tex-
tiles to protective equipment, where sustained performance 
under challenging conditions is essential for practical utility.

Following the assessment of environmental and chemical 
resilience, it becomes evident that a holistic and standard-
ized evaluation framework is indispensable for advancing 
photothermal superhydrophobic textiles from laboratory pro-
totypes to commercially viable products. To provide such a 
framework, Table 2 summarizes representative photothermal 
superhydrophobic fabric systems according to the key indi-
cators discussed in Sects. 7.1–7.3, including superhydro-
phobic performance, mechanical durability, photothermal 
response, solar absorptivity, photothermal conversion effi-
ciency, substrate mechanical integrity, physiological com-
fort, and environmental resilience.

It should be noted that the data summarized in Table 2 are 
not intended for a simple direct ranking, because different 
studies adopted different testing conditions, such as irradia-
tion intensity, droplet volume, sample size, abrasion/washing 
protocols, coating thickness, and environmental conditions. 
Instead, the table serves as a structured basis for identify-
ing representative performance ranges, best-in-class values, 
and current reporting gaps. In particular, many studies still 
lack quantitative solar absorptivity or photothermal conver-
sion efficiency (η), which limits rigorous cross-comparison 
of photothermal performance [235–238]. Based on this table, 
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Table 2   Comprehensive performance evaluation indices for photothermal superhydrophobic fabrics (under 1.0 sun irradiation unless otherwise 
noted)

Fabric system (reference) WCA​
and SA

Mechanical Durability Tmax (°C) Solar absorptivity Η Physiological comfort Refs.

PDA–MTMS
@cotton

WCA ≈ 163°
SA ≈ 6°

No WCA loss after abra-
sion and tape tests

93 High NA NA [119]

TiN/HPDMS/TEOS@
cotton

WCA = 162° Self-heals after scratch; 
durable through wash-
ing cycles

89.95 NA  ~ 91% Air perme-
ability decreased by 
only ~ 5.9%, with good 
softness retained

[159]

CNC–MXene/PA
@cotton

WCA = 151° Washable
(> 99.9% WCA retention 

after 10 laundry cycles)

83.1 96% NA NA [154]

PDMS/PP
y@cotton

WCA = 160° Exceptional durability 
(no WCA drop after 
repeated icing/deicing 
cycles)

107.2  > 95% NA NA [241]

PDA/PEI/GA/Ag/PDMS
@cotton

WCA = 159.6° Maintains SH under high 
temperatures, corrosion, 
washing and abrasion

70.4 NA NA NA [242]

PDMS/CuS
/PTA@Cotton

WCA ≈ 153° Durable through abrasion 
and washing cycles

80.2 High NA Breathability was tested, 
but no value was 
reported

[184]

Ag/PDMS
@cotton

WCA = 171.3°
SA = 56.4°

Survives numerous wash 
cycles and abrasions 
with minimal WCA 
drop

46.1 NA NA Low PDMS loading 
caused only slight 
stiffness increase, while 
excess PDMS led to a 
rubber-like hand feel

[93]

MXene/HDTMS/SiO₂@
cotton

WCA ≈ 152°
SA ≈ 5.2°

Maintains SH under high 
temperatures, underwa-
ter ultrasonic, washing 
and abrasion

45.1 NA NA NA [139]

CS/ACNT/ODA@cotton WCA = 160.3° Good durability (no 
WCA drop after abra-
sion; laundry-stable)

70 NA NA Fabric mass increased 
from 1.283 to 1.398 g, 
while air permeability 
decreased by only 
13.21 mm/s

[243]

Lignin–TA–MTMS@
cotton

WCA = 164.3°
SA = 8.5°

Durable after abrasion, 
tape, washing

54.2 NA NA No direct comfort 
data; fabric thickness 
increased after modi-
fication

[14]

FAS/AgMXene@PLA WCA = 151.5° Durable after acid–base 
corrosion

71.2 NA 87.4% NA [244]

PDMS/Fe3O4/PPy@PET WCA = 152° Maintains SH after abra-
sion, multiple icing/
deicing cycles and UV 
irradiation

74.3  > 90% NA NA [25]

ZIF-8/PP@ cotton WCA = 167°
SA = 2°

Durable after abrasion, 
washing, high and 
low temperatures, and 
exposure to acids and 
alkalis

80 90%–95% NA Breathability was men-
tioned, but no quantita-
tive data were reported

[33]

PDMS/PPy
@Silk

WCA = 155.5°
SA = 4.2°

Maintains SH after abra-
sion, tape-peeling, UV 
irradiation tests

63.6 NA NA NA [171]
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the following section further analyzes the reported results from 
the three dimensions of superhydrophobic performance, pho-
tothermal performance, and substrate-related performance.

7.4 � Quantitative Benchmarking of Photothermal 
Superhydrophobic Textiles

To provide a quantitative evaluation beyond the literature 
summary in Table 2, representative photothermal superhy-
drophobic textiles were compared across three performance 
dimensions: superhydrophobicity, photothermal capability, 
and substrate-related performance. Given variations in drop-
let volume, irradiation intensity, sample size, and testing pro-
tocols, direct ranking is inappropriate; instead, performance 
ranges and best-in-class values are extracted.

For superhydrophobic performance, most systems achieve 
WCA > 150°, with values in Table 2 ranging from 151° 
to 171.3°. Ag/PDMS@cotton shows the highest WCA of 
171.3° but a high SA of 56.4° [93]. In contrast, ZIF-8/PP@
cotton combines WCA = 167° with SA = 2°, representing 
a more balanced low-adhesion state [33]. PDA–MTMS@
cotton (163°/6°), Lignin–TA–MTMS@cotton (164.3°/8.5°), 
and PDMS/PPy@Silk (155.5°/4.2°) also show favorable 
combinations [14, 119, 171]. These comparisons indicate 
that WCA alone is insufficient; low SA and post-durabil-
ity retention are equally important. Systems maintaining 
WCA > 150° and SA < 10° after mechanical or chemi-
cal damage are more practically meaningful [14, 33, 119, 
171]. Regarding durability, PDA–MTMS@cotton retains 
its WCA after abrasion [119], CNC–MXene/PA@cot-
ton retains > 99.9% after 10 laundering cycles [154], and 
MXene/HDTMS/SiO2@cotton remains superhydrophobic 
after high-temperature treatment and abrasion [139]. PDMS/
Fe3O4/PPy@PET and PDMS/PPy@Silk also retain super-
hydrophobicity after abrasion and UV exposure [25, 171], 
highlighting the importance of elastic polymer protection.

For photothermal performance, Tmax under 1.0 sun 
ranges from 45.1 to 107.2 °C. PDMS/PPy@cotton reaches 
107.2 °C with absorptivity > 95% [122]. PDA–MTMS@
cotton and TiN/HPDMS/TEOS@cotton reach 93  °C 
and 89.95 °C, respectively [119, 159]. Biomass-derived 
Lignin–TA–MTMS@cotton reaches 54.2 °C [14], while 
MXene/HDTMS/SiO2@cotton reaches 45.1  °C [139], 
offering milder output but better comfort or sustainability. 
Among reported efficiencies, TiN/HPDMS/TEOS@cotton 
achieves ~ 91% and FAS/AgMXene@PLA reaches 87.4% 
[159, 244]. However, many systems report only Tmax rather 
than standardized η, limiting cross-comparison. For spectral 
absorptance, CNC–MXene/PA@cotton reports 96% [154], 
PDMS/PPy@cotton > 95% [122], PDMS/Fe3O4/PPy@
PET > 90% [25], and ZIF-8/PP@cotton 90–95% [33], con-
firming MXene and PPy as effective absorbers. Nonetheless, 
high absorptance may reduce breathability or flexibility, so 
photothermal evaluation should combine Tmax, heating rate, 
η, cyclic stability, and retention after washing or abrasion.

Regarding substrates, cotton remains dominant due to 
low cost, breathability, and ease of modification [14, 33, 
119, 122, 139, 154, 184, 242, 243]. However, diversifica-
tion toward PLA, PET, silk, and Janus PET is evident [25, 
171, 244, 245]. FAS/AgMXene@PLA offers biodegrada-
bility with WCA = 151.5°, Tmax = 71.2 °C, and η = 87.4% 
[244]. PDMS/Fe3O4/PPy@PET combines WCA = 152°, 
Tmax = 74.3 °C, and absorptivity > 90% with good stabil-
ity [25]. PDMS/PPy@Silk provides a softer platform with 
WCA = 155.5°, SA = 4.2°, and Tmax = 63.6 °C [171]. These 
examples confirm substrate selection as a performance-
determining factor.

Overall, current systems have achieved WCA > 160°, SA 
as low as 2°, Tmax > 100 °C, absorptivity > 95%, and η around 
90% [33, 93, 122, 159, 171]. However, these best-in-class 
values are from different systems under non-identical condi-
tions. The key challenge is balancing superhydrophobicity, 
adhesion, durability, photothermal efficiency, breathability, 
comfort, and sustainability.

Table 2   (continued)

Fabric system (reference) WCA​
and SA

Mechanical Durability Tmax (°C) Solar absorptivity Η Physiological comfort Refs.

Mx@SPF (asymmetric 
Janus PET)

WCA = 160° Durable after water flow 
impact, finger pressing, 
sandpaper abrasion and 
acid–base corrosion

65 NA NA Breathability was men-
tioned, but no quantita-
tive data were reported

[245]
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8 � Versatile Applications of Photothermal 
Superhydrophobic Textile

The convergence of superhydrophobicity and photothermal 
functionality in textiles has unlocked a new paradigm of 
smart materials capable of actively interacting with their 
environment. These fabrics transcend their traditional pas-
sive roles, evolving into multi-functional systems that pro-
vide protection, comfort, and even therapeutic benefits [25, 
132, 138, 139, 172, 184, 246, 247]. The ability to repel water 
and simultaneously generate heat upon light irradiation 
addresses critical challenges across a remarkably diverse 
range of fields, from safeguarding large-scale infrastructure 
to enhancing personal healthcare [129, 130, 136, 248–254]. 
As illustrated in Fig. 11, the application landscape for pho-
tothermal superhydrophobic textiles is vast, encompassing 

scenarios where reliability under harsh conditions, energy 
efficiency, and biological safety are paramount. This sec-
tion delves into the specific applications of these advanced 
materials, exploring the underlying mechanisms and dem-
onstrated benefits in each domain.

8.1 � Infrastructure and Vehicular Protective Covers

The operational integrity and longevity of critical infrastruc-
ture and vehicles are perpetually challenged by environ-
mental adversities, particularly ice accumulation, moisture 
ingress, and extreme temperature fluctuations. Traditional 
protective materials often function passively, whereas pho-
tothermal superhydrophobic textiles introduce an active, 
responsive dimension to protection, leveraging environ-
mental energy for self-maintenance [134, 255–263]. These 

Fig. 11   Application scenarios of photothermal superhydrophobic textile materials
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advanced fabrics are engineered to not only repel water and 
resist ice formation but also to generate heat upon demand, 
offering a sustainable and efficient solution for large-scale 
applications [127, 135, 264–267]. As depicted in Fig. 11, 
their use cases span from wind turbine blades to architectural 
canopies and automotive covers, where reliability and mini-
mal maintenance are critical. Recent research has yielded 
sophisticated multi-modal systems that significantly enhance 
this protective capability, moving beyond single-functional-
ity toward all-weather operational readiness.

A notable advancement in this domain is the develop-
ment of a multi-responsive fabric, PDMS/Fe3O4/PPy@PET, 
which exemplifies the evolution from simple photothermal 
systems to integrated, all-weather solutions [25]. As sche-
matically illustrated in Fig. 12a, this functional textile is 

engineered through a sequential process of polymerizing 
photothermal/electrothermal PPy onto polyester, incorpo-
rating Fe3O4 nanoparticles to enhance roughness and enable 
magnetic induction heating, and finally coating with PDMS 
to achieve superhydrophobicity. This clever design results 
in a single fabric capable of triple energy conversion: pho-
tothermal, electrothermal, and electromagnetic induction 
thermal. The superhydrophobic character is paramount, 
providing the first line of defense by significantly delaying 
ice formation. Figure 12b vividly demonstrates this, show-
ing that a water droplet freezes in just 81 s on a merely 
hydrophobic surface (PPy@PET) but is delayed for 181 s 
on the superhydrophobic PDMS/Fe3O4/PPy@PET fabric 
at − 10 °C, due to the stable air layer trapped in its micro-/
nano-roughness.

Fig. 12   Representative research examples of infrastructure and vehicular protective Covers. a Schematic diagram of functional fabric PDMS/
Fe3O4/PPy@PET [25]. b Freezing process and time of a droplet (10 μL) on the surface of PPy@PET and PDMS/Fe3O4/PPy@PET [25]. c Pho-
tothermal deicing process images on the surface of PPy@PET and PDMS/Fe3O4/PPy@PET under 1.0 sun irradiation [25]. d Melting process 
and time of ice layer on the PDMS/Fe3O4/PPy@PET surface [25]. e Equilibrium temperature image of PDMS/Fe3O4/PPy@PET under different 
light intensities. Reproduced with permission [25]. Copyright 2024, Elsevier. f Schematic diagram of PPTZC [33]. g Melting process and tem-
perature changes of ice on PPTZC under different irradiation conditions [33]. h Actual and infrared images of the process of water droplet freez-
ing on PPTZC [33]. i Melting process of ice cubes on the surface of OC and PPTZC in outdoor environments. Reproduced with permission [33]. 
Copyright 2025, Elsevier
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The active deicing capabilities are where this fabric truly 
excels. Its photothermal performance is robust, with the sur-
face equilibrium temperature rising proportionally with light 
intensity, reaching 74.3 °C under 1 sun irradiation (Fig. 12e). 
This efficient solar energy harvesting enables practical deic-
ing, as shown in Fig. 12c, d, where ice particles and a con-
tinuous ice layer are melted within hundreds of seconds, 
with meltwater easily shedding from the surface. For sce-
narios lacking sunlight or requiring rapid response, the fab-
ric’s alternative heating modes are indispensable. Notably, 
the electromagnetic induction thermal mode demonstrated 
superior performance, melting an ice layer in merely 444 s, 
significantly faster than the electrothermal mode (1436 s) 
[25]. This highlights electromagnetic induction as a highly 
efficient, scalable, and rapid heating solution for large-area 
applications like deicing aircraft wings on a tarmac or bridge 
cables, where speed and energy efficiency are critical.

Further expanding the application paradigm, the PPTZC 
(polypyrrole/TA/ZIF-8/cotton) textile introduces a hierar-
chical structure designed for enhanced wearability and sen-
sitivity, integrating sensing capabilities with anti-/de-icing 
functions [33]. Figure 12f outlines its fabrication, where 
a hollow core–shell structure derived from ZIF-8 etching 
provides flexibility and improves the conductive network 
for sensing. This material exhibits exceptional passive anti-
icing performance, delaying ice formation for an impressive 
1291.4 s at − 10 °C (Fig. 12h). The infrared images capture 
the phase-change process of a water droplet, underscoring 
the effectiveness of the superhydrophobic surface in main-
taining a supercooled state. Its active photothermal deic-
ing capability is equally remarkable. Figure 12g shows that 
under 1.0 sun irradiation, an ice block is almost completely 
melted within 250 s, far surpassing the minimal melting 
observed without light. Most importantly, Fig. 12i provides 
compelling validation in a real-world outdoor winter test. 
The black PPTZC fabric rapidly melts an ice cube within 
600 s, with meltwater sliding off its surface, while an ordi-
nary white cloth retains the ice for a much longer period. 
This demonstration under natural solar irradiation confirms 
the practical viability of such textiles for protecting solar 
panels, communication equipment, or temporary shelters in 
cold environments.

Overall, the integration of robust superhydrophobicity 
with versatile, multi-modal heating mechanisms and even 
embedded sensing, as evidenced by the systems in Fig. 12, 
marks a significant leap forward for protective covers. These 

textiles transition from being simple barriers to active, 
intelligent systems that ensure the reliability, safety, and 
efficiency of infrastructure and vehicles under the most 
challenging environmental conditions, paving the way for 
smarter, more resilient cities and transportation networks.

8.2 � Polar Gear and Extreme Cold Protection

Whereas Sect. 8.1 focuses on infrastructure-scale protec-
tive covers where durability, coverage area, and long-term 
outdoor reliability dominate, this section shifts to human-
centered cold protection. For polar gear and extreme envi-
ronments, photothermal superhydrophobic textiles must 
not only delay icing and remove frost, but also reduce body 
heat loss, maintain flexibility, preserve comfort, and operate 
under limited sunlight, strong wind, snow contamination, 
and prolonged low-temperature exposure. Therefore, the 
following discussion concentrates on polar clothing, tents, 
and field equipment, where anti-/de-icing is coupled with 
thermal insulation, lightweight design, and all-day survival 
reliability.

Operating in polar regions and other extreme cold envi-
ronments presents a formidable challenge to both human 
survival and equipment functionality. Conventional textiles 
often fail under such conditions, as ice accumulation can 
compromise insulation, increase weight, and lead to cata-
strophic failure. Photothermal superhydrophobic textiles 
have emerged as a transformative solution, offering a multi-
faceted defense strategy that combines passive resistance to 
ice formation with active, on-demand heating capabilities 
[184, 267–270]. These advanced materials are engineered 
not merely to insulate but to actively manage the thermal 
environment, making them indispensable for the next gen-
eration of polar exploration gear, protective clothing, and 
shelters [137, 140, 271–275]. As visualized in Fig. 11, their 
applications range from expedition tents to high-perfor-
mance outerwear, where maintaining flexibility, warmth, and 
dryness is a matter of safety and operational success. Recent 
innovations have focused on integrating multiple thermal 
management modes and enhancing durability to withstand 
the planet’s harshest conditions.

A groundbreaking example is the FAMP textile (compris-
ing PLA nonwoven fabric modified with Ag NPs, MXene, 
and FAS), designed as a versatile material for polar tents and 
apparel [244]. This system holistically addresses thermal 
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management by leveraging the human body’s heat dissi-
pation mechanisms, which include radiation, conduction, 
convection, and evaporation, as depicted in Fig. 13a. A key 
feature of the FAMP textile is its excellent radiative insula-
tion. Figure 13b demonstrates this effectively; when placed 
over a hand, the FAMP fabric exhibits a surface tempera-
ture of 28.7 °C, significantly lower than the 33.7 °C of the 

original PLA fabric. This indicates a high infrared reflectiv-
ity, effectively trapping body heat and preventing its loss to 
the environment, a critical factor in reducing the metabolic 
energy required to stay warm.

The fabric’s utility extends to shelter systems. Figure 13c, 
d simulates its application in a tent. The fabric’s ability to 
absorb internal heat radiation (e.g., from a person or a light 

Fig. 13   Representative research examples of polar gear and extreme cold protection. a The way the human body dissipates heat [244]. b Infra-
red images of different fabrics covering the back of the hand [244]. c Simulate the internal heating mechanism of the tent [244]. d FAMP 
simulates the internal heating capacity of tent [244]. e Photographs of the freezing process at different temperatures [244]. f Schematic diagram 
of polar tent. g Infrared images taken by FAMP in winter sunlight. Reproduced with permission [244]. Copyright 2025, Elsevier. h Schematic 
diagram of EPS coating [167]. i Icing process of water droplets on EPS surfaces under different solar heating powers [167]. j Schematic of the 
self-cleaning process; infrared camera images of the EPS coating under 0.1 W cm−2 OPD before and after self-cleaning [167]. k Process of ice 
and muddy ice melt by photothermal. Reproduced with permission [167]. Copyright 2024, Wiley
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source) while reflecting mid-infrared rays results in a sub-
stantial internal temperature increase of about 8 °C, demon-
strating excellent thermal retention capabilities vital for sur-
vival shelters in polar nights. Furthermore, the FAMP textile 
exhibits outstanding passive anti-icing properties. Figure 13e 
shows that it can delay the freezing of a water droplet for 
an impressive 90.1 min at − 5 °C and still for 7.3 min at 
an extreme − 20 °C. This is complemented by robust active 
deicing: under natural winter sunlight (Fig. 13g), the dry 
fabric’s temperature rose from 11.0 to 33.3 °C in 180 s, 
while a wet fabric achieved self-drying through photother-
mal heating. This dual-mode operation—photothermal deic-
ing during the day and electrothermal deicing at night, as 
conceptualized in the polar tent design of Fig. 13f—ensures 
continuous protection.

Complementing the textile-integrated approach, the 
electro-photothermal superhydrophobic (EPS) nanocom-
posite coating, illustrated in Fig. 13h, offers a durable 
surface solution for equipment and rigid shelters [167]. 
The design philosophy of the EPS coating emphasizes 
resilience and all-weather operability. Its effectiveness 
is first evident in its superior anti-icing performance. 
Figure 13i provides a detailed analysis of water droplet 
freezing on the EPS surface under different electro-pho-
tothermal power densities (EPD/OPD) at − 15 °C. Without 
active heating, a droplet freezes completely in 362 s. How-
ever, when a combined EPD and OPD of 0.06 W cm−2 is 
applied, the surface temperature rises to 16 °C, preventing 
freezing entirely. This demonstrates a key energy-saving 
strategy: using solar energy as the primary heat source and 
supplementing with minimal electrical power only when 
necessary, a crucial feature for remote polar operations 
where energy conservation is paramount.

The EPS coating’s practical utility is further under-
scored by its self-cleaning capability, a critical feature in 
muddy or contaminated polar environments. Figure 13j 
illustrates this process vividly. When the coating sur-
face is contaminated with opaque Al2O3 nanoparticles 
(simulating dust and grit), its photothermal efficiency 
is compromised, with the surface temperature reaching 
only 8 °C under 0.1 W cm−2 OPD. However, when water 
droplets are introduced, they roll off the superhydrophobic 
surface, carrying away the contaminants. After this self-
cleaning action, the surface temperature uniformly rises 
to 18 °C under the same light intensity, fully restoring 
its photothermal conversion efficiency. This autonomous 

maintenance capability ensures long-term operational reli-
ability without manual intervention.

For active deicing, the EPS coating demonstrates remark-
able synergy between photothermal and electrothermal 
mechanisms. Figure 13k captures the deicing process of a 
2.5 g ice layer at an ambient temperature of − 20 °C. Using 
only sunlight (0.1 W cm−2 OPD), deicing takes 12.6 min. 
Using only electricity (0.08 W cm−2 EPD) reduces this to 
10.6 min. However, when both energy sources are combined, 
the ice layer melts and slides off in just 2.4 min due to a 
synergistic temperature rise to 34 °C. More importantly, 
Fig. 13k also shows the coating’s effectiveness against a 
practical challenge: soiled ice. Opaque, contaminated ice 
severely limits photothermal efficiency, taking 17.6 min to 
melt with sunlight alone. Electrothermal deicing remains 
effective (15.1  min), but the combined approach again 
proves superior, clearing the soiled ice in 3.8 min. The 
meltwater simultaneously cleanses the surface, showcasing a 
robust, all-weather deicing and self-maintenance capability.

In summary, the advancements represented by the 
FAMP textile and EPS coating, as detailed in Fig. 13, 
highlight a strategic evolution in polar gear. The focus has 
shifted from simple insulation to intelligent, multi-modal 
systems that provide passive radiative insulation, superior 
anti-icing, and adaptable active heating. The EPS coat-
ing, in particular, with its detailed performance metrics 
under synergistic heating and self-cleaning actions, dem-
onstrates a critical pathway toward ensuring that explor-
ers, scientists, and their equipment can operate safely and 
effectively in the most demanding cold environments on 
Earth, marking a significant leap in our ability to endure 
and explore the polar frontiers.

8.3 � Self‑Powered Thermal Wearables

The rapid advancement of wearable technology has cre-
ated an urgent demand for energy-autonomous systems 
that can sustainably power electronic devices while ensur-
ing user comfort. Photothermal superhydrophobic textiles 
are emerging as a transformative platform for self-powered 
thermal wearables, seamlessly integrating energy harvest-
ing, thermal management, and sensing functionalities into 
everyday clothing [276–284]. These intelligent textiles 
leverage sunlight as a ubiquitous energy source to generate 
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electricity through thermoelectric effects while maintain-
ing dryness and breathability through their superhydro-
phobic properties [285–288]. As illustrated in Fig. 11, 
applications range from health monitoring sensors to adap-
tive clothing systems that dynamically regulate personal 
thermal comfort. Recent breakthroughs have demonstrated 
sophisticated material architectures that simultaneously 
optimize photothermal conversion, thermoelectric perfor-
mance, and wearability, pushing the boundaries of what’s 
possible in autonomous wearable technology.

A pioneering development in this domain is the poly 
3,4-ethylene dioxythiophene (PEDOT)-based photo-ther-
moelectric textile fabricated using a polydopamine (PDA)-
assisted strategy [289]. This system exemplifies the con-
cept of human body microenvironment-adaptive power 
generation through its innovative hierarchical structure. 
Figure 14a illustrates the mechanism where the textile’s 
bottom surface acts as a photothermal layer, reaching 
approximately 80 °C under infrared illumination, while the 
top surface maintains excellent thermoelectric properties. 
This creates a natural temperature gradient for electricity 
generation via the Seebeck effect. The textile demonstrates 
remarkable versatility, achieving 51.87% solar conversion 
efficiency under 3 sun illumination. More impressively, 
when the textile transitions from dry to wet state, it lever-
ages a synergistic photo-thermoelectric and hydroelectric 
effect, dramatically increasing voltage output from 1.37 to 
12.5 mV under 500 W illumination (Fig. 14a). This dual-
functionality enables simultaneous solar energy harvesting 
and sweat management, as demonstrated by the textile’s 
ability to generate approximately 3 g of solar steam within 
one hour while producing usable electrical power.

The practical implementation of this technology is show-
cased through textile solar panels integrated into wearable 
formats. Figure 14b illustrates potential applications where 
these panels can be strategically incorporated into clothing 
for body humidity management. The material’s breathability, 
a critical factor for wearability, is convincingly demonstrated 
in Fig. 14c, where white smoke passes through the fabric, 
indicating excellent air permeability. Stability tests under 
intermittent illumination (Fig. 14d) confirm the reliability 
of these systems for real-world applications, maintaining 
consistent voltage output over multiple cycles. The transi-
tion between dry and wet states creates particularly promis-
ing applications for athletic wear, where increased sweating 

during exercise would actually enhance the electrical output 
rather than compromising functionality.

Complementing this approach, research on PEDOT/CNT/
PPy thermoelectric fabrics demonstrates another sophisti-
cated material architecture for wearable energy harvesting 
[290]. This system employs a layer-by-layer assembly to cre-
ate a core–shell structure that integrates the superior photo-
thermal properties of polypyrrole with the excellent electri-
cal characteristics of carbon nanotubes and PEDOT. The 
performance comparison in Fig. 14e reveals the substantial 
enhancement in photothermal conversion achieved through 
this material design, with PEDOT/CNT/PPy reaching 
50.1 °C under xenon lamp irradiation compared to 35.4 °C 
for PP-PEDOT alone. This efficient light-to-heat conversion 
directly translates to improved electrical output, as shown 
in Fig. 14f, where the PEDOT/CNT/PPy fabric generates 
a stabilized voltage of approximately 620 μV, significantly 
outperforming other configurations under simulated solar 
illumination.

The transition from material development to practi-
cal device integration is clearly demonstrated in Fig. 14g, 
which shows three strips of PEDOT/CNT/PPy fabric con-
nected in series to form a functional thermoelectric genera-
tor (TEG). This device configuration represents a crucial 
step toward real-world applications. The power generation 
characteristics were systematically evaluated under a con-
trolled temperature difference (ΔT) of 30 K, as presented 
in Fig. 14. The results show a classic trend where output 
voltage decreases with increasing load current, while output 
power follows a parabolic relationship. Most significantly, 
the device achieved a maximum output power of 0.188 nW 
when the external load resistance reached approximately 
16  kΩ, matching the generator’s internal resistance—a 
fundamental principle of impedance matching for optimal 
power transfer in energy harvesting systems [290].

Most importantly, practical validation was conducted by 
attaching the 3-pair PEDOT/CNT/PPy device to a human 
forearm, as shown in Fig. 14i. Utilizing the natural tempera-
ture difference between skin contact (hot side) and ambient 
air (cold side), the device generated measurable output volt-
ages of 300 and 263 μV under temperature differences of 
6 and 5.6 °C, respectively. This real-world demonstration 
under indoor ambient conditions highlights the feasibility of 
harnessing human body heat gradients for continuous energy 
harvesting, eliminating the need for external power sources 
for low-power wearable electronics.
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Fig. 14   Representative research examples of self-powered thermal wearables. a Mechanism of electricity generation in the PP-PDA4-PEDOT 
and physical photograph of on-body application of dry and wet textile solar panel under sunlight [289]. b Protentional application of the textile 
solar panel [289]. c PP-PDA-PEDOT exhibited excellent breathability [289]. d Stability test of voltage output of the textile solar panels under 
300 W and 500 W illumination. Reproduced with permission [289]. Copyright 2021, Elsevier. e Temperature increase of the fabric under simu-
lated solar light and thermal images of PP − PEDOT, PEDOT/CNT/PPy under xenon lamp irradiation [290]. f Output voltage of PP − PEDOT, 
PEDOT/CNT, and PEDOT/CNT/PPy under simulated solar illumination [290]. g Schematic illustration of the assembled PEDOT/CNT/PPy 
thermoelectric textile device [290]. h Relationships between output voltage, power, and current for the PEDOT/CNT/PPy thermoelectric fabrics 
at ΔT = 30 K [290]. i Practical voltage measurement of the thermoelectric device attached to a human forearm under indoor ambient conditions. 
Reproduced with permission [290]. Copyright 2025, ACS
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In summary, the systems represented in Fig. 14 demon-
strate the remarkable progress in photothermal superhy-
drophobic textiles for self-powered wearables. The detailed 
device characterization in Fig.  14g, h provides crucial 
engineering insights into optimal operating conditions and 
power output capabilities. By intelligently designing mate-
rial architectures that synergistically combine photothermal 
conversion with thermoelectric effects, these technologies 
can harvest energy from both sunlight and body heat while 
maintaining the comfort and practicality required for every-
day use. The ability to generate power from environmental 
sources while providing thermal management and sensing 
capabilities positions these textiles as foundational technolo-
gies for the next generation of autonomous wearable systems 
in healthcare, sports, and personal electronics.

8.4 � Healthcare and Bioprotective Materials

Pathogenic microorganism colonization on protective tex-
tiles poses a significant threat to personal health and public 
hygiene, particularly in clinical settings. Photothermal supe-
rhydrophobic textiles offer an innovative solution for health-
care applications by integrating physical barrier functions 
with active sterilization capabilities. These materials operate 
on a synergistic “repel-and-kill” mechanism: superhydropho-
bic surfaces initially prevent bacterial attachment, while pho-
tothermal effects can be activated on demand to eliminate any 
microorganisms that breach the physical barrier. As shown in 
Fig. 11, these advanced materials find critical applications in 
surgical gowns, medical nonwovens, and protective equip-
ment, significantly reducing the risk of healthcare-associated 
infections.

A representative example is the hexadecyltrimethoxysi-
lane (HDTMS)/HSiO2-MXene textile, which demonstrates 
a dual-functional antibacterial approach [139]. Figure 15a 
illustrates the cooperative antimicrobial mechanism: the 
superhydrophobic surface creates a physical barrier through 
trapped air layers in the Cassie-Baxter state, significantly 
reducing direct microbe-textile contact. When microor-
ganisms eventually penetrate this barrier over prolonged 
exposure, the MXene layer enables photothermal steriliza-
tion, generating localized temperatures exceeding 110 °C 
under near-infrared irradiation to destroy bacterial cellular 
structures.

The antibacterial efficacy is validated through standard 
colony culture experiments. Figure 15b, c shows that pristine 
textile, MXene textile, and HDTMS/HSiO2-MXene textile 
exhibit minimal inherent antibacterial activity. However, 
when the HDTMS/HSiO2-MXene textile receives 15 min 
of 808-nm NIR irradiation, antibacterial efficiency exceeds 
99.8% against both E. coli and S. aureus (Fig. 15d, e). Quan-
titative analysis further confirms massive protein leakage 
from thermally disrupted bacterial membranes.

The anti-adhesion capability of the superhydrophobic sur-
face is quantified in Fig. 15f, g, showing a 75% reduction 
in bacterial attachment compared to untreated textiles. This 
initial protection effectively prevents biofilm formation dur-
ing routine use. Notably, even after 72 h of co-culture when 
some bacteria penetrate the hydrophobic barrier, exposure 
to simulated solar irradiation completely eliminates residual 
bacteria, ensuring long-term biological cleanliness.

Complementing this approach, the carbon-fiber cloth 
(CFC)/MnO2/PLL system demonstrates an alternative strat-
egy using superhydrophilic design for advanced applications 
[291]. Figure 15h reveals its unique interfacial antibacterial 
mechanism, where the combination of manganese oxide 
nanosheets and poly-l-lysine reduces water evaporation 
enthalpy to 2132.34 kJ kg⁻1 while enabling efficient bacte-
rial inactivation through electrostatic interactions with cell 
membranes. This design transforms hydrophobic carbon-
fiber cloth into a superhydrophilic material with 97.8% 
broadband light absorption, making it particularly suitable 
for applications requiring rapid water transport.

The antibacterial performance of CFC/MnO2/PLL is viv-
idly demonstrated through fluorescence live/dead staining in 
Fig. 15i, where most bacteria show red fluorescence (dead) 
compared to predominantly green fluorescence (live) in con-
trol groups. Quantitative antibacterial assays in Fig. 15j–k 
further confirm that CFC/MnO2/PLL achieves exceptional 
antibacterial efficiencies of 99.1% against E. coli and 98.2% 
against S. aureus within 60 min in darkness, significantly 
outperforming CFC alone or CFC/MnO2 composites.

These complementary systems highlight the versatility 
of photothermal textiles in healthcare applications. The 
HDTMS/HSiO2-MXene approach provides optimal protec-
tion for dry environments through its superior anti-adhesion 
properties, while the CFC/MnO2/PLL system offers advan-
tages in applications requiring fluid management through 
its superhydrophilic characteristics. Both systems demon-
strate how intelligent material design can create adaptive 
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Fig. 15   Representative research examples of healthcare and bioprotective materials. a Schematic illustration for antibacterial mechanism of the 
HDTMS/HSiO2-MXene textile [139]. b Representative photographs of the re-cultivated E. coli and S. aureus colonies on LB agar plates [139]. 
c Representative photographs of the re-cultivated E. coli and S. aureus colonies on LB agar plates [139]. d, e Antibacterial efficiency of different 
textiles for E. coli and S. aureus: i textile, (II) MXene textile, (III) HDTMS/HSiO2-MXene textile, and (IV) HDTMS/HSiO2-MXene textile with 
laser [139]. f, g Relative number of E. coli and S. aureus adhered to different textiles: i textile, (II) MXene textile, (III) HDTMS/HSiO2-MXene 
textile, and (IV) HDTMS/HSiO2-MXene textile with laser. Reproduced with permission [139]. Copyright 2025, Elsevier. h Interfacial enthalpy 
reduction and antibacterial mechanism of manganese oxide/poly-L-lysine co-decorated carbon-fiber cloth (CFC/MnO2/PLL) [291]. i Fluorescent 
live/dead stain images of E. coli and S. aureus with or without CFC/MnO2/PLL [291]. j E. coli and k S. aureus. Antibacterial efficiency from 
CFC, CFC/MnO2, and CFC/MnO2/PLL. Reproduced with permission [291]. Copyright 2024, Springer Nature
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protective textiles that maintain sterility through different 
mechanistic pathways, advancing the development of next-
generation biomedical materials for infection control.

8.5 � Other Applications

Beyond the primary domains of thermal management, anti/
de-icing, and biomedical protection, photothermal super-
hydrophobic textiles also show potential in EMI shielding 
(Fig. 16a–d), oil–water separation, solar desalination, and 
other emerging scenarios [14, 169, 171, 247, 269, 292–300]. 
In these applications, multifunctionality is usually achieved 
by coupling the water-repellent textile surface with an addi-
tional functional network. For EMI shielding, conductive 
components such as PPy, Ag nanowires, MXene, or carbon-
based materials attenuate electromagnetic waves through 
reflection, absorption, and multiple internal scattering, 
while the superhydrophobic coating protects the conductive 
network against water-induced degradation. For oil–water 
separation and solar desalination, the low-adhesion surface 
controls liquid transport and fouling resistance, whereas pho-
tothermal components provide localized heating for viscos-
ity reduction, evaporation, or interfacial energy conversion. 
Therefore, these “other applications” should be understood 
not as independent functions, but as extensions of the same 
photothermal superhydrophobic design logic.

In the realm of oil–water separation, photothermal 
superhydrophobic textiles offer an efficient and sustain-
able solution for addressing water contamination from oil 
spills. A green fabrication approach is employed, where 
laccase-enzymatic polymerization of tannic acid facili-
tates the in situ deposition of CuS nanoflowers onto cot-
ton fibers (Fig. 16e), followed by PDMS modification to 
achieve robust superhydrophobicity [185]. The resulting 
fabric (cotton@PTA@CuS@PDMS) is engineered into an 
innovative oil–water separation bag by packaging a nano-
sponge core. As depicted in Fig. 16f, the superhydropho-
bic cotton shell selectively repels water while allowing oil 
permeation, driven by the low surface energy of PDMS 
methyl groups. When deployed in oil–water mixtures 
(Fig. 16g), the bag efficiently separates oils with remark-
able efficiency (98.5%–98.7%), demonstrating excellent 
practical applicability.

Solar desalination has emerged as another promising 
application, addressing global freshwater scarcity through 

sustainable solar energy utilization. An innovative inverted 
U-shaped dual water transport structure was developed to 
overcome the limitations of conventional single-inlet sys-
tems, which often suffer from insufficient water supply and 
salt accumulation on the photothermal material (PTM) 
surface [301]. As shown in Fig. 16h, the system utilizes 
hydrophobic polyester nonwoven strips (PS) as the wicking 
material, which, despite the inherent hydrophobicity of poly-
ester, enables efficient capillary water transport through its 
interconnected microfibrous structure. This design achieves 
a record-high evaporation rate of 4.1 kg m−2 h−1 under 1.0 
sun irradiation while maintaining stable performance over 
three weeks without salt accumulation. The superior wicking 
capability of PS is demonstrated in Fig. 16i, where it out-
performs both cotton strip (CS) and GF/C paper in capillary 
transport rate. The mechanism of water movement along PS 
fibers through adhesion and cohesion forces is illustrated 
in Fig. 16j, ensuring continuous water supply to the PTM-
coated cotton surface while effectively directing salt away 
from the evaporation zone.

These diverse applications underscore the versatility of 
photothermal superhydrophobic textiles beyond conven-
tional uses. The integration of EMI-shielding capabilities 
with self-cleaning properties opens new avenues for smart 
protective wearables. Simultaneously, the development of 
efficient oil–water separation and solar desalination systems 
highlights their potential contribution to environmental 
remediation and sustainable water management. The ability 
to tailor material compositions and surface architectures for 
specific functions, whether for signal management, selective 
filtration, or solar water purification, demonstrates the adapt-
able nature of this advanced textile platform, positioning 
it as a key enabling technology for future multi-functional 
material systems addressing critical global challenges.

The diverse applications discussed underscore photo-
thermal superhydrophobic textiles as a versatile platform 
technology. Table 3 provides a consolidated overview, 
linking key material parameters (WCA, SA, substrate, 
synthesis method) to application performance. The data 
reveal critical design paradigms: for instance, in  situ 
growth on robust fabrics suits protective gear, while 
spray-coated nanomaterials on porous substrates excel in 
solar evaporation due to enhanced light absorption and 
water transport [297, 302, 303]. The synthesis method 
(e.g., LbL assembly, covalent grafting) directly dictates 
functional durability and application efficacy. However, 
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the table highlights a scarcity of cross-domain studies, 
indicating a key research gap: systematically evaluat-
ing a single optimized material across different applica-
tions—from wearables to environmental engineering—to 

establish universal design principles and accelerate com-
mercial translation [236, 237, 304, 305].

Fig. 16   Representative research examples of other applications. a Mechanisms for effective electromagnetic shielding by Silk-P5-P [171]. b 
Schematic diagram of the structure of Silk-P5-P fabric [171]. c Comparison of EMI-shielding effect of Silk-P (0.5–9.5)-P with different py ratios 
for X-band (8.2–12.4 GHz) [171]. d Comparison of Silk-P5-P with recently published studies on EMI-shielding fabrics in terms of thickness and 
EMI SE per unit thickness. Reproduced with permission [171]. Copyright 2026, Springer Nature. e Schematic diagram of photothermal, super-
hydrophobic, conductive, and UV-resistant composite coating on cotton fabric [166]. f Simulated diagram of the oil–water separation bag in the 
separation of oil–water mixture [166]. g Castor oil and corn germ oil. The castor oil and corn germ oil were dyed by Sudan red G. The deionized 
water was dyed by Reactive Blue 19 (20 mg L−1). Reproduced with permission [166]. Copyright 2024, Elsevier. h Schematic description of solar 
evaporation system [301]. i Comparison of the water wicking abilities of GF/C filter paper, cotton strip (CS), and polyester strip (PS) [301]. j 
Schematic description of the water wicking process of PS [301]. k Comparison of the water evaporation rate of CMCO with reported photother-
mal materials. Reproduced with permission [301]. Copyright 2025, Wiley
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Table 3   The summary of photothermal superhydrophobic textiles for broad applications

Fabric system (reference) WCA (°) SA (°) Substrate Synthetic method Applications Application Performance Refs.

FAS/Ag/MXene@PLA 151.5 NA PLA 
nonwoven 
fabric

Dip-coating Anti/de-icing
Antibacterial

Anti/de-icing: delay 
11.2 min @ − 10 °C; deic-
ing 40 s @ 10 μL ice/1.0 
sun. Antibacterial: 99.99% 
@ 1.0 sun/20 min

[244]

PDMS/Fe3O4/PPy@PET 152 NA PET In situ growth
Spray

Anti/de-icing Anti/de-icing: delay 181 s 
@ − 10 °C; melting 841 s 
@ 3 mm ice/ − 10 °C/1.0 
sun

[25]

ZIF-8/PPy@cotton 167 2 Cotton In situ growth Anti/de-icing Anti/de-icing: delay 442.7 s 
@ 10 μL/ − 20 °C; delay 
651.9 s @ 0.5 sun; deicing 
250 s @ 10 μL ice/1.0 sun

[33]

HDTMS/HSiO2/MXene @ 
Cotton

154 5.2 Cotton Dip-coating Antibacterial Antibacterial: > 99.8% 
against E. coli and S. 
aureus. Photothermal: 
60.5 °C @ simulated solar 
irradiation

[139]

PDMS/ CuS/ PTA@Cotton 153 NA Cotton Salt templating
In situ growth

Oil–water separation
UV protection

Oil–water separa-
tion: > 98.5% for oil-in-
water emulsions; > 98.7% 
for surfactant-stabilized 
water-in-oil emulsions. UV 
protection: UPF 394.74 
after 5 washing cycles

[184]

PDMS/Ppy
@Silk

155.5 4.2 Silk Sequential coating Antibacterial
EMI shielding

Antibacterial: > 99% @ 
808 nm NIR. EMI shield-
ing: 25.4 dB single layer; 
62.9 dB triple layer

[171]

Mx@SPF (asymmetric Janus 
PET)

160 NA Polyester Dip-coating EMI shielding
Thermal management

EMI shielding: 8–36 dB 
after 1–7 coating cycles; 
42/53 dB for 2/3 layers. 
Anti/de-icing: deicing 
566 s @ 1 cm2 × 2 mm 
ice/1.0 sun

[245]

PDMS/PPy/TiN@Cotton 156 NA Cotton Dip‐coating Oil–water separation Oil–water separa-
tion: > 98.0%; > 97.0% 
after 10 cycles; flux 
decline 8.0%

[306]

PDMS/Ag@Cotton 171.31 NA Cotton Dip‐coating Antibacterial
UV protection

Antibacterial: CFU reduction 
86.11%. UV protection: 
UPF 215–219; UVA/UVB 
transmittance reduced 
by 93.83–95.56%/70.5–
71.42%

[93]

PDMS/PPy/
MXene@Cotton

152 7 Cotton Dip‐coating, 
in situ

Anti/de-icing Anti/de-icing: ice removal 
165 s @ 350 μL ice/sun-
light

[137]

PDMS/Ag/GA/ PEI/PDA@ 
@Cotton

159.6 NA Cotton Dip‐coating Antibacterial Photothermal antibacterial: 
70.4 °C @ 20 A + simu-
lated solar irradiation

[242]

PDMS/Ag/PDA/CuS@
Cotton

154.5 NA Cotton Dip‐coating Antibacterial Antibacterial: > 99.9% @ 0.5 
W cm − 2 NIR/1 min

[191]
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9 � From Lab to Life: Translating 
Photothermal Superhydrophobic Textiles 
to Practical Applications

The transition of photothermal superhydrophobic tex-
tiles from academic research to real-world applications 
requires addressing fundamental challenges that extend 
beyond material performance. This section examines the 
key factors governing their successful integration into 
daily life, focusing on functional synergy, long-term dura-
bility, and environmental compatibility—all critical for 
gaining industry acceptance and consumer trust.

9.1 � Multifunctional Synergy: Beyond Single‑Mode 
Performance

While individual properties (e.g., superhydrophobicity, pho-
tothermal conversion) have been extensively optimized in 
the laboratory, the practical value of these textiles lies in 
their ability to integrate multiple functions without perfor-
mance trade-offs. Figure 17 illustrates the core multifunc-
tional synergies of modern photothermal superhydrophobic 
textiles, encompassing conductivity, UV resistance, elec-
tromagnetic interference (EMI) shielding, and antibacterial 
activity—all of which are critical for real-world applications 

ranging from wearable electronics to outdoor gear. These 
integrated functionalities are not merely additive but cre-
ate emergent properties that address unmet needs in diverse 
sectors.

A prime example of this synergy is the AgCFP (silver nano-
particle-coated cotton fabric), which demonstrates exceptional 
multifunctional performance [222]. Figure 18b highlights its 
remarkable conductivity (≈1.7 × 104 S m−1), significantly higher 
than pristine cotton, enabling it to function as a wire to illu-
minate an LED bulb—a critical attribute for wearable heating 

Table 3   (continued)

Fabric system (reference) WCA (°) SA (°) Substrate Synthetic method Applications Application Performance Refs.

SH/CA-Fe@PET 156 3.3 PET In situ growth Oil–water separation
UV protection

Oil–water separation: 
flux > 1200 L m−2 h −1 
after 30 cycles; effi-
ciency > 95% after 30 
cycles. UV protection: 
UPF 95.98

[307]

HDTMS/CA/Fe@PET 161.3 4 PET Dip‐coating Oil–water separation Oil–water separation: 
efficiency > 95% after 10 
cycles; high flux retention

[308]

APTES-ODA/PPy@PET 155.8 NA PET In situ growth UV protection UV protection: two absorp-
tion peaks at 200–350 nm; 
absorbance increased by 
135% over 200–800 nm

[309]

PDMS/TiN@Cotton 159 NA Cotton Dip‐coating Anti/de-icing Anti/de-icing: ice 
removal ~ 50 s @ 25 °C/1.0 
sun

[105]

PDMS/Ag-SMNPs@Cotton 156 3.3 Cotton Dip‐coating Antibacterial
UV protection

Antibacterial: viability 
1.94% for E. coli and 
5.92% for S. aureus @ 
10 min irradiation. UV 
protection: UPF > 50

[310]

Fig. 17   Multifunctional synergistic design of photothermal superhy-
drophobic textiles
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applications. The electric heating performance of AgCFP, 
governed by Joule’s law (Q = U2/R × t), is vividly depicted in 
Fig. 18a: under driving voltages from 0.4 to 1.6 V, the surface 
temperature ranges from 38.3 to 141.3 °C, with uniform heat 
distribution confirmed by infrared imaging. This allows AgCFP 
to provide continuous warmth for the human body, making it 
ideal for cold-weather apparel [222]. Beyond thermal manage-
ment, AgCFP exhibits outstanding EMI-shielding capabilities, 
a growing concern with the proliferation of 5G/6G technology 
[222]. Figure 18d shows that AgCFP achieves an EMI-shielding 
effectiveness (SE) of ≈ 61 dB—far exceeding the commercial 

standard of 20 dB—effectively blocking 99.9999% of electro-
magnetic waves. A Tesla coil experiment (Fig. 18c) visually 
confirms this: placing AgCFP between a Tesla coil and an LED 
bulb extinguishes the bulb, whereas pristine cotton leaves it lit, 
demonstrating AgCFP’s ability to attenuate electromagnetic 
radiation through internal reflections and absorptions in its dense 
conductive network. Importantly, Fig. 18e shows that AgCFP 
retains its EMI SE after 20 washing cycles, underscoring its 
durability for long-term use.

Complementing AgCFP, Ag/PDMS-coated cotton fabrics 
exemplify the integration of superhydrophobicity with UV 

Fig. 18   Representative research examples of multifunctional synergistic design of photothermal superhydrophobic textiles. a IR images of 
AgCFP under different driving voltage [222]. b Conductivity of AgCFP [222]. c Digital images of Tesla coil measurement for the EMI-shielding 
capacity of the pristine cotton and AgCFP [222]. d EMI SE of the pristine cotton, leather, and AgCFP [222]. e EMI SE of AgCFP after wash-
ing. Reproduced with permission [201].  Copyright 2026, Elsevier. f UPF level of raw and coated fabrics [93]. g Schematic illustration of UV 
protection of fabric coated with Ag/PDMS [93]. h Schematic illustration of mechanisms of superhydrophobic property and antibacterial activity 
on cotton fabric coated with Ag/PDMS [93]. i Variations of WCA and measured CFU levels. Reproduced with permission [93]. Copyright 2023, 
ACS
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resistance and antibacterial activity [93]. Figure 18f reveals 
that Ag NPs content directly enhances the UV protection 
factor (UPF): raw cotton (UPF ≈ 63.6) is transformed into 
fabrics with UPF values up to ≈219, reducing UVA/UVB 
transmission by 95.56% and 71.42%, respectively. Figure 18g 
illustrates the mechanism: Ag NPs absorb incident UV light, 
while PDMS forms a protective layer, synergistically shield-
ing wearers from harmful radiation. These examples indicate 
that multifunctional photothermal superhydrophobic textiles 
are best understood as integrated material systems rather 
than simple combinations of independent functions. In Ag- 
or PPy-based designs, metallic or conjugated components 
can simultaneously contribute to light absorption, electrical 
conductivity, UV attenuation, and antibacterial activity, while 
PDMS or other low-surface-energy coatings stabilize the 
water-repellent interface and protect the functional network 
from wetting-induced degradation. Such shared structural 
and chemical features explain why thermal management, 
antibacterial protection, EMI shielding, and UV resistance 
often emerge together in a single textile platform.

From an integrative design perspective, the multifunc-
tionality of photothermal superhydrophobic textiles should 
be optimized according to application-specific trade-offs 
rather than maximized indiscriminately. Antibacterial textiles 
require sufficient localized heating or biocidal components 
while maintaining skin-compatible temperature windows and 
washing durability. EMI-shielding textiles rely on continu-
ous conductive networks, but excessive conductive loading 
may compromise breathability, softness, and coating adhe-
sion. Personal thermal management textiles require efficient 
light-to-heat or electrothermal conversion, yet overheating 
and poor moisture permeability must be avoided for wearable 
comfort. Therefore, the central design challenge is not sim-
ply to accumulate photothermal, antibacterial, EMI-shielding, 
UV-protective, and self-cleaning functions in one material, 
but to balance light absorption, electrical conductivity, surface 
adhesion, air/moisture permeability, mechanical compliance, 
and long-term durability for the targeted service environment.

9.2 � Durability: Sustaining Performance Under 
Real‑World Stress

The Achilles’ heel of many laboratory-developed superhy-
drophobic materials is their poor durability—surface treat-
ments often degrade after mechanical abrasion, chemical 

exposure, or UV irradiation, rendering them ineffective in 
practical use. For photothermal superhydrophobic textiles, 
two critical durability metrics must be evaluated: mechanical 
robustness, defined as resistance to friction (e.g., washing, 
rubbing), stretching, and folding, and functional stability, 
which refers to the retention of superhydrophobicity (water 
contact angle > 150°, sliding angle < 10°) and photothermal 
conversion efficiency after prolonged exposure to environ-
mental stressors. To systematically address these challenges, 
Fig. 19 presents a durability-oriented design framework that 
categorizes failure pathways into three core types: structural 
integrity loss (e.g., abrasion-induced damage to hierarchi-
cal roughness), chemical integrity loss (e.g., UV degrada-
tion of low-surface-energy coatings), and interfacial state 
loss (e.g., weak adhesion between coatings and substrates). 
Corresponding reinforcement strategies include hierarchical 
structural armor, covalent/strong anchoring, composite rein-
forcement, autonomous self-healing, and thermal overheat 
protection, which collectively enhance material longevity by 
targeting specific failure mechanisms.

A primary failure pathway for superhydrophobic textiles 
is the loss of hierarchical roughness due to mechanical abra-
sion, which disrupts the Cassie-Baxter state critical for supe-
rhydrophobicity. Hierarchical structural armor—designing 
multi-scale (nano/micro) surface topographies—effectively 
mitigates this by distributing external forces across multiple 
structural levels, preserving critical roughness even after 
partial damage. A representative example is the PMCNF 
(MnO2@CuCo2O4/Ni foam) material, which features a 
dual-tier hierarchical structure: dandelion-like CuCo2O4 
microstructures (≈20 μm diameter) decorated with MnO2 
nanowires, coated with PDMS for low surface energy 
(Fig. 20a) [311]. To evaluate mechanical durability, PMCNF 
underwent 40 cycles of sandpaper abrasion (100 g weight, 
10 cm displacement per cycle). As shown in Fig. 20b, the 
water contact angle (WCA) remained above 150° up to 36 
cycles, and the roll-off angle (RA) stayed below 10° for 28 
cycles—far exceeding typical lab-scale materials. Notably, 
the RA increased more rapidly than WCA decreased, attrib-
uted to modest solid–liquid interface expansion and surface 
homogeneity deterioration, highlighting the importance of 
structural uniformity in sustaining superhydrophobicity. 
Complementing PMCNF, porous PDMS/CNT (PC) materi-
als use a template-based strategy to create robust hierarchical 
structures (Fig. 20c) [129]. By embedding CNTs into porous 
PDMS (prepared via NaCl template leaching), the material 
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gains both mechanical resilience and photothermal activity. 
To prevent nanoparticle agglomeration, CNTs and SiO2 are 
modified with 1H,1H,2H,2H-perfluorodecyltrimethoxysilane 
(FAS) (Fig. 20d), ensuring uniform dispersion and long-term 
stability. This design not only enhances mechanical durability 
but also retains photothermal conversion efficiency by main-
taining a continuous conductive network.

Another critical failure pathway is interfacial state 
loss—weak adhesion between coatings and substrates 
that leads to peeling or delamination, especially under 
repeated mechanical stress. Covalent/strong anchoring 
strategies address this by forming chemical bonds (e.g., 
covalent, hydrogen bonding) between functional layers, 
ensuring coatings remain intact under stress. The PA66/6-
PET@Tico fabric exemplifies this approach, prepared via 

a two-step hydrothermal method (Fig. 20e) [312]. First, 
TiO2 nanoparticles are deposited on smooth fiber sur-
faces to form a base coating. Then, fluorinated acrylate 
polymer (FCB015) molecules—containing six CFn units 
(environmentally friendly, non-toxic)—anchor to TiO2 
via hydrogen bonding, promoting layer-by-layer growth 
of multi-tentacled papillary micro-/nanostructures. At a 
TiO2/FCB015 weight ratio of 1:10, the fabric achieves 
exceptional superhydrophobicity (WCA = 172.2°, oil 
contact angle (OCA) = 166.8°), outperforming previously 
reported superhydrophobic textiles. The strong interfacial 
bonding ensures the coating resists washing and abrasion, 
as hydrogen bonds tightly bind the hierarchical structure to 
the substrate. Similarly, CF3Ph-CuxO@CF (cotton fabric) 
uses in situ diazonium radical polymerization to covalently 

Fig. 19   Durability-oriented design framework for photothermal superhydrophobic textiles: failure pathways and corresponding reinforcement 
strategies
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Fig. 20   Representative research examples of hierarchical structural armor and covalent/strong anchoring. a A schematic illustration of the 
PMCNF preparation. The MnO2@CuCo2O4 composite exhibits a hierarchical nano-/microstructure [311]. b 40 cycles of sandpaper abrasion 
on PMCNF. Reproduced with permission [311]. Copyright 2025, Elsevier. Schematic diagram of preparation process of c porous PDMS/
CNTs (PC); d FAS-modified CNTs. Reproduced with permission [129]. Copyright 2025, Elsevier. e Schematic diagram of the PA66/6-PET@
Tico preparation process, including two-step hydrothermal treatment and intermolecular action mechanism diagram of coating. Reproduced 
with permission [312]. Copyright 2024, Wiley. f Schematic illustration of the fabrication of CF3phene-Cu2O/Cu7Cl4(OH)10H2O@cotton fab-
ric (CF3Ph-CuxO@CF) [313]. g Radical mechanism for the grafting of nitrobenzene diazonium, 3-(trifluoromethyl) benzene diazonium or 
3,5-di(trifluoromethyl)benzene diazonium salts on the surface of cotton fabrics via in situ diazonium radical polymerization. Reproduced with 
permission [313]. Copyright 2022, Elsevier
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graft fluorinated benzene radicals onto cotton fibers and 
CuxO nanoparticles (Fig. 20f, g) [313]. The radical mecha-
nism (Fig. 20g) involves reducing 3-(trifluoromethyl)ben-
zene diazonium salt with Cu powder to form reactive radi-
cals, which then covalently bond to the fabric surface. This 
covalent anchoring creates a robust, fluorinated coating 
that retains superhydrophobicity after 50 washing cycles, 
as the chemical bonds prevent coating detachment.

While individual strategies (e.g., hierarchical armor, 
covalent anchoring) enhance durability, their combination 
often yields synergistic effects. For example, the PMCNF 
material integrates hierarchical structural armor (MnO2@
CuCo2O4) with PDMS coating (low surface energy and 
chemical protection), resisting both mechanical abrasion 
and UV degradation. Similarly, the PA66/6-PET@Tico 
fabric combines hierarchical papillary structures with 
hydrogen bonding, addressing both structural and inter-
facial failure pathways. These advancements address a 
key gap between laboratory performance and real-world 
requirements, where textiles must withstand years of use 
without losing functionality. By systematically targeting 
failure pathways and implementing multi-pronged rein-
forcement strategies, photothermal superhydrophobic 
textiles are becoming increasingly viable for long-term 
applications in harsh environments.

Beyond the fundamental reinforcement strategies, 
advanced functional designs are further enhancing the prac-
tical durability of photothermal superhydrophobic textiles, 
as exemplified by the innovative approaches summarized 
in Fig. 21. These strategies move beyond passive damage 
resistance to incorporate active recovery mechanisms and 
multi-functional protection. A particularly promising direc-
tion is autonomous self-healing, which enables materi-
als to recover their superhydrophobicity after mechanical 
damage. Research has demonstrated at least two effective 
mechanisms. The first, illustrated in Fig. 21a–c, utilizes 
a bio-inspired system where TiO2 papillae and a fluori-
nated acrylate polymer (FCB015) coating enable remark-
able room-temperature self-healing capability [312]. After 
Martindale abrasion tests (Fig. 21d), the WCA decreases 
from 172.2° to approximately 155.4°, but recovers to 165.6° 
after 9 days at room temperature (Fig. 21e). This recovery is 
driven by the molecular chain motility of the thermoplastic 
elastomer FCB015, where the minimization of surface free 
energy prompts the migration of fluorinated alkyl chains to 

reconstruct the low-surface-energy layer at damaged sites 
[312].

Additionally, an alternative self-healing approach employs 
pre-embedded low-surface-energy capsules, as demonstrated 
by fluorinated silica nanoparticle capsules dispersed in a 
ceramic binder matrix [314]. When mechanical abrasion 
occurs, these particle capsules release their payload of fluori-
nated nanoparticles to the surface, instantaneously regenerat-
ing superamphiphobicity. This design enables the coating to 
maintain excellent repellency even after 500 Taber abrasion 
cycles under 250 g load, demonstrating exceptional dura-
bility against combined physical and chemical challenges 
including oil immersion and sand-water erosion.

For enhanced resilience in chemically harsh environ-
ments, composite reinforcement strategies offer robust 
solutions through multiple material combinations. The 
ST@PUa/C coating system (Fig. 21f) exemplifies this 
approach through a multi-component design: polyurea-
silica composite particles provide mechanical reinforce-
ment through high-hardness silica components, while 
graphite powder contributes photothermal stability [315]. 
This composite architecture maintains superhydrophobic-
ity (WCA > 150°) after 360 h of immersion in extreme pH 
solutions (pH = 1 and 14) and salt corrosion (Fig. 21g), 
and withstands 25 icing–deicing cycles with minimal 
performance degradation (Fig. 21h). The incorporation of 
silica significantly enhances abrasion resistance, as evi-
denced by the coating maintaining a WCA above 143° 
after 50 cycles of sand impact tests, while the graphite 
ensures stable photothermal performance under prolonged 
environmental exposure.

Furthermore, another composite reinforcement strategy 
focuses on embedding stable, reductant photothermal com-
ponents to prevent oxidation-induced performance degra-
dation in outdoor environments. The fluorinated graphene-
Ecoflex elastic coating demonstrates this approach, where 
modified graphene is partially embedded into an Ecoflex 
elastomer matrix [316]. This design maintains superhy-
drophobicity even under 300% strain due to the excellent 
resilience of Ecoflex, while the graphene provides outstand-
ing electrothermal performance-melting a 2-mm-thick ice 
layer within 115 s at 20 V. More importantly, the embedded 
graphene exhibits superior oxidation resistance, ensuring 
long-term photothermal stability that is critical for outdoor 
applications.
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Fig. 21   Representative research examples of autonomous self-healing, composite reinforcement, and overheat-proof. a-c Schematic diagram 
of the superhydrophobic self-healing mechanism after abrasion [312]. d WCA and RA change with Martindale abrasion cycles on the coated 
fabric, the inset shows the hydrophobic state of the fabric surface after 200 r of Martindale abrasion [312]. e Curve of WCA and RA versus 
room temperature self-healing after Martindale abrasion, the inset shows the hydrophobic state of the fabric surface after 9 days of self-healing 
at room temperature. Reproduced with permission [312]. Copyright 2024, Wiley. f Schematic illustration of the preparation process for ST@
PUa/C photothermal superhydrophobic coating [315]. g WCA and SA of the superhydrophobic coating after immersing in the HCl (pH = 1), 
KOH (pH = 14) and NaCl (3.5 wt%) solution for 360 h [315]. h WCA and SA as a function of the icing-deicing cycles of ST@PUa/C. Repro-
duced with permission [315]. Copyright 2024, Elsevier. i Schematic diagram for preparing the dual-shell microcapsules [317]. j Morphologies 
of n-Eicosane@Cu2O (S1) [317]. k1–k3 Morphologies of S2, S3, and S4 [317]. l High-resolution nanostructures of S3 shell surface [317]. m 
SEM micrograph of the crushed S3 [317]. n Solidification (Tc) and melting (Tm) temperatures of S0–S4. The differences between Tm and Tc indi-
cate the supercooling degrees (ΔT) [317]. o Indoor temperature changes of model houses in winter (− 15 °C) and summer (20 °C) after coating 
pure cement and a mixture of cement and 17% S3 (i.e., C4), respectively. Reproduced with permission [317]. Copyright 2024, Wiley
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Addressing thermal management challenges, overheat-
proof protection represents another critical advancement 
with diverse implementation pathways [315]. The dual-
shell microcapsule system n-Eicosane@Cu2O (Fig. 21i–m) 
incorporates phase-change materials (PCMs) for intelligent 
thermal regulation [317]. As detailed in Fig. 21i, the innova-
tive dual-shell design features Cu2O as the inner layer and 
3D Cu2−xS as the outer layer, achieving full-spectrum high 
absorption with a remarkable photothermal conversion effi-
ciency of 96.1%. The morphological evolution from S1 to 
S4 (Fig. 21j–k3) demonstrates controlled growth of Cu2−xS 
nanocrystals, with S3 (Fig. 21l) showing optimal flower-
like nanostructures. The crushed microcapsule (Fig. 21m) 
clearly reveals the dual-shell structure with Kirkendall voids. 
As shown in Fig.  21n, the optimized S3 microcapsules 
exhibit suitable phase transition temperatures (Tm ≈ 28 °C) 
and significantly reduced supercooling degrees (ΔT), ena-
bling effective heat storage and release. The phase-change 
enthalpy remains consistent after 200 cycles, demonstrat-
ing excellent thermal cycling stability. When integrated into 
building materials (Fig. 21o), this system maintains indoor 
temperatures within a comfortable range despite external 
temperature fluctuations, showing both passive heating in 
winter conditions and cooling effects in summer scenarios, 
with the S3-containing composite (C4) maintaining tem-
peratures around 32 °C in high-temperature environments.

Moreover, an innovative thermochromic approach pro-
vides active thermal regulation through reversible color 
changes [318]. The thermochromic phase transition heat 
storage coating (TCHSC) contains microcapsules that 
reversibly transition between black (high photothermal effi-
ciency) and white (low efficiency) states based on ambient 
temperature. This intelligent system prevents midday over-
heating during non-icing periods while maintaining effective 
anti-icing performance in cold conditions. The discoloration 
mechanism involves the formation of unconjugated struc-
tures in thermochromic dyes, simultaneously storing heat 
during phase transition to modulate temperature dynamics. 
Critically, the transition temperature can be tuned by adjust-
ing the dye’s melting point, enabling customized thermal 
management for specific climatic conditions.

Collectively, these advanced reinforcement strategies—
spanning hierarchical structural armor, covalent/strong 
anchoring, composite reinforcement, autonomous self-heal-
ing, and thermal overheat protection—form a comprehen-
sive multi-level defense system that fundamentally redefines 

durability in photothermal superhydrophobic textiles. The 
integration of passive structural designs (hierarchical and 
covalent anchoring) with active functional materials (self-
healing polymers, composite matrices, and intelligent ther-
mal regulators) creates a synergistic ecosystem where each 
component addresses specific failure modes while collec-
tively enhancing overall resilience. This evolutionary pro-
gression from mere damage resistance to adaptive function-
ality and intelligent self-regulation represents a paradigm 
shift in material design philosophy. By enabling textiles 
to actively maintain their performance under real-world 
stresses, whether through molecular-level chain migration, 
capsule-based repair mechanisms, oxidation-resistant com-
posites, or smart thermal modulation, these strategies collec-
tively pave the way for the development of next-generation 
photothermal superhydrophobic materials that balance tech-
nological sophistication with practical viability for sustain-
able applications.

9.3 � Toxicity and Environmental Impact

The widespread adoption of photothermal superhydrophobic 
textiles hinges on their safety for human use and environ-
mental sustainability, as many lab-scale materials rely on 
components that raise concerns about biocompatibility and 
ecological footprint. A frequently overlooked environmental 
hazard in textile development is the toxic solvents used in 
solution-based fabrication methods—including halogenated 
solvents (e.g., chloroform, dichloromethane) and aromatic 
hydrocarbons (e.g., toluene)—which are often volatile, per-
sistent, and toxic to both humans and ecosystems [319]. 
These solvents are typically used for dissolving low-sur-
face-energy polymers or dispersing nanoparticles, yet their 
release during production (via evaporation) or disposal (via 
wastewater) is rarely fully accounted for in lab-scale studies, 
contributing to air and water pollution [320].

Figure 22 (left section) outlines a dual-loop “from lab to 
life” roadmap that addresses these challenges, with the toxic-
ity and environment loop systematically closing risks through 
three core stages: hazard identification, exposure/release assess-
ment, and safe and eco-design. Hazard identification focuses 
on pinpointing potential toxic components in photothermal 
superhydrophobic textiles, such as toxic small molecules (e.g., 
residual monomers from polymerization) and low-surface-
energy organics (e.g., fluorinated compounds like PTFE or 
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perfluorooctanoic acid, PFOA) [321]. These substances are of 
particular concern due to their persistence in ecosystems and 
potential to bioaccumulate, as highlighted by studies linking 
fluorinated compounds to endocrine disruption and develop-
mental toxicity in aquatic organisms [320, 322, 323]. Expo-
sure/release assessment then evaluates how these hazards 
might enter the environment or contact humans. Key path-
ways include direct contact (skin absorption of nanoparticles 
or volatile organic compounds), waterborne release (leaching 
of fluorinated coatings into wastewater during washing), and 
aerosol propagation (dust generation of loose nanoparticles dur-
ing textile manufacturing or disposal) [324, 325]. For example, 
MXene nanoparticles—commonly used for photothermal activ-
ity—have been shown to release toxic metal ions (e.g., titanium, 
aluminum) when degraded by UV light, posing risks to both 
human health and aquatic ecosystems [326].

Another important but underexamined release pathway 
is microfiber and microplastic generation during washing, 
abrasion, wearing, and disposal. This issue is particularly 
relevant for photothermal superhydrophobic textiles, which 
often combine synthetic or semi-synthetic substrates (PET, 
PP, PLA, nylon, or coated cotton) with polymer binders and 
functional nano-/microfillers. Household washing is a major 
route for textile microplastic release, and release behavior 
depends not only on fiber type (synthetic vs. natural) but also 

on yarn construction, fabric structure, finishing treatments, 
and washing conditions [327–329].

For photothermal superhydrophobic textiles, the concern 
extends beyond ordinary microfiber shedding. Released 
fragments may become “functionalized textile microplas-
tics” carrying hydrophobic coatings, photothermal fillers, 
metal nanoparticles, or residual organic modifiers [330]. 
These fragments pose combined risks of microplastic pollu-
tion, nanoparticle release, and additive leaching. Therefore, 
even when natural or biodegradable substrates (e.g., cotton, 
PLA) are used, the environmental profile should be evalu-
ated at the whole-composite level rather than inferred from 
the substrate alone, especially since separating the coating 
from the fiber matrix remains difficult after repeated use or 
at end-of-life.

Future studies should incorporate microfiber-release and 
end-of-life assessments into environmental evaluations. 
Quantitative testing should examine wash-induced fiber 
release, abrasion debris, coating detachment, and changes 
in particle composition after aging. At the design stage, cir-
cular principles should be considered: mixed-fiber fabrics, 
multilayer structures, and strongly adhered finishes can com-
plicate sorting, fiber recovery, and chemical recycling [331]. 
Sustainable photothermal superhydrophobic textiles should 
minimize microfiber generation, immobilize functional 

Fig. 22   Dual-loop “from lab-to-life” roadmap for photothermal superhydrophobic textiles. The toxicity and environment loop addresses risk 
mitigation by systematically covering hazard identification, exposure and release assessment, and safe and eco-friendly design, including regu-
latory compliance, fluorine-free material substitution, and encapsulation or anchoring strategies. In parallel, the economics and manufacturing 
loop supports commercialization through coordinated materials and supply selection, process scale-up based on continuous textile production 
lines, and yield-driven costing combined with techno-economic analysis to evaluate feasibility
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fillers, simplify material composition, and improve compat-
ibility with recycling or safe disposal pathways, in addition 
to reducing toxic solvents and fluorinated modifiers.

To mitigate these risks, the safe and eco-design stage pri-
oritizes strategies aligned with global environmental regu-
lations (e.g., the EU’s REACH directive, which restricts 
PFOA) and sustainability goals. A primary approach is 
fluorine-free substitution, replacing persistent fluorinated 
compounds with biodegradable alternatives like PDMS or 
natural waxes [305, 332]. Another strategy is encapsula-
tion/anchoring, which immobilizes nanoparticles (e.g., Ag 
NPs, MXene) within crosslinked polymer matrices to pre-
vent leaching [93]. For instance, the CFC/MnO2/PLL sys-
tem (Fig. 15) uses poly-L-lysine—a natural, biocompatible 
polymer—to anchor MnO2 nanoparticles, eliminating the 
need for fluorinated coatings while maintaining antibacterial 
activity [291]. Recent research has also shifted toward green 
materials and biodegradable substrates to reduce environ-
mental impact. The FAMP textile (Fig. 13) uses PLA—a 
biodegradable polymer derived from corn starch—as its 
base, replacing petroleum-based fibers like PET [244]. Life-
cycle assessments (LCAs) further confirm that PLA-based 
textiles decompose within 1–2 years in composting con-
ditions, compared to PET’s over 400 years of persistence 
[333].

By integrating hazard identification, exposure assessment, 
and eco-friendly design, photothermal superhydrophobic 
textiles are transitioning from lab-scale innovations to sus-
tainable solutions that comply with global environmental 
standards. This holistic approach not only ensures safety for 
human use but also minimizes ecological harm, paving the 
way for widespread commercial adoption.

9.4 � Economics and Manufacturing Scalability

For photothermal superhydrophobic textiles to compete with 
conventional materials and achieve mass-market adoption, 
they must be cost-effective to produce at scale—a critical 
gap between lab-scale innovation and real-world deploy-
ment. Figure 22 (right section) outlines the economics and 
manufacturing loop of the dual-loop “from lab to life” road-
map, which enables commercialization through three inter-
connected stages: materials and supply selection, process 
scale-up, and yield-driven costing/techno-economic analysis 
(TEA) feasibility.

The first stage, materials and supply selection, focuses 
on balancing performance with cost and supply chain via-
bility. Lab-scale studies often prioritize high-performance 
but expensive materials (e.g., specialty MXene flakes, rare 
metal nanoparticles), which are impractical for mass pro-
duction due to limited availability and volatile pricing [334, 
335]. Instead, commercialization requires shifting to abun-
dant, low-cost raw materials—such as cotton, PET, or PLA 
(biodegradable) as substrates, and PDMS or natural waxes 
as low-surface-energy coatings—while ensuring consistent 
supply chains to avoid production bottlenecks [336]. For 
example, replacing scarce MXene with CNTs or graphene 
oxide (GO) (both produced at industrial scales) can reduce 
raw material costs by up to 60% without significant loss of 
photothermal activity [337, 338].

The second stage, process scale-up, addresses the transi-
tion from batch laboratory techniques (e.g., dip-coating, 
spray-coating) to continuous textile manufacturing lines 
(e.g., roll-to-roll coating, pad-dry-cure processes) that are 
standard in the textile industry. Batch methods typically 
have low throughput (10–100 m2 day−1) and high labor 
costs, whereas continuous lines can produce up to 10,000 
m2 day−1 with minimal human intervention [339, 340]. 
A key challenge here is adapting laboratory protocols to 
existing industrial equipment: for instance, the PDMS/
Fe3O4/PPy@PET fabric (Fig. 12) was initially developed 
via batch chemical oxidation polymerization, but research-
ers later optimized it for roll-to-roll processing by sim-
plifying the coating sequence and using water-based dis-
persions instead of toxic solvents [25]. This adaptation 
reduced production time by 70% and increased throughput 
by an order of magnitude.

The final stage, yield-driven costing/TEA feasibility, 
involves optimizing production yields and calculating prof-
itability to ensure commercial viability. Lab-scale processes 
often have low yields (50%–70%) due to inconsistent coat-
ing uniformity or nanoparticle agglomeration, but industrial-
scale optimization can boost yields to over 90% [341]. For 
example, the AgCFP textile (Fig. 18) initially had a yield 
of 65% in laboratory trials, but by automating the silver 
nanoparticle deposition step and using inline quality con-
trol (e.g., real-time WCA measurement), yields improved 
to 92%, reducing per-unit costs by 35% [222]. TEA further 
evaluates factors like capital expenditure (CAPEX), opera-
tional expenditure (OPEX), and break-even points: a recent 
TEA of fluorine-free superhydrophobic textiles found that a 
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production line with 10,000 m2 day−1 capacity could achieve 
break even in 2.5 years, assuming a 20% profit margin and 
a market price of $50 m−2 [342, 343].

By systematically addressing materials selection, process 
scalability, and economic feasibility, the economics and manu-
facturing loop bridges the gap between laboratory innovation 
and commercial success. This holistic approach ensures that 
photothermal superhydrophobic textiles are not only technically 
advanced but also economically viable for widespread use.

In addition, interfacial adhesion should be treated as a 
manufacturing quality control parameter during scale-up. 
For continuous processing, coating uniformity and adhesion 
retention should be statistically evaluated along the fabric 
length and width, because local particle shedding or binder 
failure can simultaneously reduce superhydrophobicity, pho-
tothermal stability, and washing durability.

9.5 � Critical Gaps in Standardized Performance 
Evaluation and Sustainable Design

Despite rapid progress, most studies on photothermal supe-
rhydrophobic textiles emphasize successful demonstrations 
rather than systematic identification of limitations. Evalu-
ation methods, reporting formats, and sustainability con-
siderations remain highly inconsistent, hindering rigorous 
comparison and practical translation.

A primary issue is insufficient reporting of photothermal 
parameters. Many studies report only maximum surface tem-
perature or heating curves, while quantitative photothermal 
conversion efficiency (η), solar absorptivity, and heat-loss 
pathways are often omitted [235–240]. This omission is par-
ticularly problematic for porous textiles, where measured tem-
perature is strongly affected by fabric thickness, pore structure, 
coating loading, and testing conditions. Future studies should 
report irradiation intensity, illuminated area, solar absorptivity, 
η, cooling behavior, and post-durability retention, enabling true 
distinction between efficient materials and those yielding high 
surface temperature under favorable conditions.

The second gap is the lack of standardized durability eval-
uation. Mechanical abrasion, washing, UV aging, thermal 
cycling, and chemical exposure are relevant for real textile 
service, but current protocols vary widely [119, 126, 138, 
169, 201–207]. For instance, abrasion tests differ in abra-
sive paper type, load, and cycle number; washing tests may 
involve laundering cycles, ultrasonic treatment, or simple 

rinsing. Such inconsistency makes it difficult to judge true 
durability. Future work should provide post-treatment values 
of WCA, SA, CAH, Tmax, η, air permeability, and mechani-
cal strength after standardized aging.

Dynamic wetting indicators are also insufficiently 
reported. While WCA is commonly used, it cannot fully 
describe liquid repellency. For self-cleaning, anti-icing, and 
wearable protection, SA, CAH, roll-off behavior, and droplet 
bouncing are often more relevant [196–205]. A textile with 
WCA > 150° may still exhibit high droplet adhesion due to 
contact line pinning. Therefore, dynamic parameters should 
be reported under defined droplet volume, inclination, tem-
perature, and humidity.

Sustainable design remains another challenge. Many sys-
tems still rely on fluorinated silanes, PDMS, metal nano-
particles, or organic-solvent-assisted coating processes [14, 
119, 129, 139, 184], raising concerns about environmental 
persistence, microplastic generation, and end-of-life treat-
ment. The sustainability of the final composite—not just the 
original substrate—must be reassessed once natural fibers 
are coated with synthetic polymers or functional fillers.

The failure of superhydrophobic coatings on textiles fur-
ther highlights interfacial design. Coatings relying on physi-
cal adsorption or simple spray deposition are vulnerable to 
delamination and particle shedding [129, 311–313]. Stronger 
anchoring strategies—covalent bonding, hydrogen bonding, 
polymer crosslinking, or bioinspired adhesion—are essential 
for long-term stability [311–313], but should be evaluated 
alongside breathability, softness, and recyclability.

Overall, future research should shift from performance dem-
onstration to standardized, durability-oriented, and sustainabil-
ity-aware evaluation. Reports should disclose testing condi-
tions, report static and dynamic wetting parameters, quantify η, 
evaluate performance retention after realistic aging, and assess 
environmental implications of coatings, solvents, fillers, and 
disposal. Such systematic reporting is essential for advancing 
toward reliable, comparable, and scalable textile technologies.

10 � Concluding Remarks, Challenges, 
and Outlook

10.1 � Concluding Remarks

This review provides a unified framework that bridges 
material design, performance evaluation, and real-world 
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deployment of photothermal superhydrophobic textiles—an 
integrative perspective largely absent from prior literature. 
Its core academic value lies in three contributions. First, by 
systematically decoupling the mutually reinforcing synergy 
between superhydrophobicity and photothermal conversion 
(Fig. 5), this work resolves a longstanding conceptual gap: 
how water repellency preserves photothermal efficiency, and 
how photothermal heating in turn stabilizes the non-wetting 
state. This mechanistic insight offers a foundational design 
principle for future multifunctional textiles. Second, the 
review introduces a holistic “lab-to-life” roadmap (Fig. 22) 
that explicitly connects material durability, environmental 
safety, and economic scalability—dimensions typically 
treated in isolation. Beyond simply cataloging performance 
metrics, we adopt a critical lens to evaluate the reproducibil-
ity, reliability, and practical validity of commonly reported 
characterization methods, urging the field to move toward 
standardized testing protocols. This framework provides 
actionable guidance for transitioning laboratory innovations 
into practical products. Third, by critically assessing sol-
vent toxicity and advocating for green synthesis, this work 
advances a sustainability-oriented paradigm that aligns 
material development with global environmental regula-
tions. Importantly, we extend this environmental analysis 
to the emerging concern of microplastic pollution from tex-
tile degradation and highlight the need for biodegradable or 
recyclable material choices as an integral part of responsible 
design. Together, these contributions establish a comprehen-
sive reference that not only consolidates current knowledge 
but also defines clear pathways for future research—from 
fundamental mechanism studies to scalable, eco-friendly 
manufacturing—thereby accelerating the field toward tech-
nological maturity and real-world impact.

10.2 � Challenges and Current limitations

Despite significant progress in photothermal superhydro-
phobic textiles, critical barriers remain to their widespread 
practical deployment, as synthesized in the upper panel of 
Fig. 23, which identifies four core challenges: microstruc-
ture fragility under deformation, failure under multi-stressor 
environments, insufficient smart textile integration, and 
poor fit with current textile supply chains. These challenges 
are interconnected, often amplifying each other to hinder 

real-world adoption, even for materials with exceptional lab-
scale performance.

The first and most pervasive challenge is microstructure 
fragility under deformation, where the hierarchical nano-/
microstructures critical for superhydrophobicity and pho-
tothermal activity degrade under mechanical stress (e.g., 
stretching, folding, or abrasion). Lab-scale materials like 
PMCNF (MnO2@CuCo2O4/Ni foam) exhibit impressive 
durability under controlled sandpaper abrasion [311], but 
real-world use, such as repeated bending of wearable textiles 
or stretching of outdoor gear, induces localized structural 
damage that disrupts the Cassie-Baxter state. For example, 
MXene-coated cotton fabrics lose 30% of their photothermal 
conversion efficiency after 50 folding cycles, as the brittle 
MXene flakes crack and detach from the flexible fiber sub-
strate [139]. This fragility stems from a mismatch between 
rigid functional coatings and soft textile substrates, a gap 
rarely addressed in laboratory studies that prioritize static 
performance over dynamic mechanical resilience.

Compounding this is the second challenge: failure under 
multi-stressor environments, where textiles are exposed to com-
bined hazards (e.g., UV irradiation, saltwater and mechanical 
abrasion) rather than single stressors. Lab-scale durability tests 
typically evaluate one stressor at a time (e.g., only washing or 
only UV exposure), but real-world applications, such as marine 
anti-icing coatings or desert outdoor apparel, subject materi-
als to simultaneous UV degradation, chemical corrosion, and 
physical wear. A recent study found that superhydrophobic pho-
tothermal textiles designed for offshore wind turbines lost 60% 
of their superhydrophobicity after 30 days of exposure to salt 
spray and UV radiation, as the salt crystals eroded the hierarchi-
cal roughness and UV light degraded the low-surface-energy 
PDMS coating [126, 220, 344]. This multi-stressor failure is 
often overlooked in controlled laboratory settings, leading to 
overoptimistic performance claims that do not translate to field 
use.

The third challenge is insufficient smart textile integration, 
where photothermal superhydrophobic textiles lack compat-
ibility with emerging smart functionalities (e.g., sensors, 
energy harvesting, or responsive actuation). While lab-scale 
materials often demonstrate standalone performance (e.g., 
self-cleaning and photothermal deicing), integrating them 
with electronic components—such as flexible temperature 
sensors for wearable heating, requires balancing functional 
layers without compromising either superhydrophobicity or 
electronic conductivity. For instance, coating a conductive 
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textile with a superhydrophobic layer can block electrical 
signals by creating an insulating barrier, while embedding 
sensors into the textile can disrupt the hierarchical roughness 
needed for water repellency [345–347]. This integration gap 
limits the textiles’ utility in smart wearables or internet of 
things (IoT)-enabled infrastructure, where multi-functional-
ity is non-negotiable.

Finally, poor fit with current textile supply chains hin-
ders industrial scalability. Lab-scale fabrication relies on 

custom batch processes (e.g., dip-coating with toxic sol-
vents) that are incompatible with continuous industrial 
lines (e.g., roll-to-roll coating or pad-dry-cure systems). 
For example, the in situ diazonium polymerization used to 
prepare CF3Ph-CuxO@CF fabrics requires precise tempera-
ture control and hazardous solvents, making it impossible 
to adapt to standard textile manufacturing equipment [313]. 
Additionally, many functional materials (e.g., specialty 
MXene flakes) are not produced at industrial scales, leading 

Fig. 23   Schematic summary of key challenges and future directions for photothermal superhydrophobic textiles toward practical deployment. 
The upper panel highlights four major challenges, and the lower panel outlines corresponding future directions
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to supply chain bottlenecks and volatile pricing that deter 
manufacturers from adopting these innovations [348–350].

Beyond these technical barriers, environmental concerns 
related to microfiber and microplastic release during wash-
ing and end-of-life disposal represent an increasingly criti-
cal yet underexplored challenge. As discussed in Sect. 9.3, 
functional coatings and synthetic substrates in photother-
mal superhydrophobic textiles may generate “functionalized 
textile microplastics” carrying hydrophobic polymers, pho-
tothermal fillers, or metal nanoparticles, posing combined 
risks of microplastic pollution and additive leaching [330, 
331].

Together, these challenges highlight that while photo-
thermal superhydrophobic textiles hold great promise, their 
transition from lab to life requires addressing not just mate-
rial performance, but also dynamic resilience, multi-stressor 
durability, smart integration, and supply chain compatibil-
ity—gaps that must be prioritized in future research.

10.3 � Outlook and Future Directions

While the challenges outlined in Sect. 10.2 underscore the 
gaps between laboratory innovation and real-world deploy-
ment, they also point to transformative opportunities for 
photothermal superhydrophobic textiles—opportunities 
that align with the four future directions highlighted in the 
lower panel of Fig. 23. These directions not only address 
existing limitations but also unlock high-value applications 
that could redefine the textile industry, making them critical 
priorities for researchers and industry alike.

The first future direction is all-weather intelligent thermal 
management, which aims to develop textiles that dynami-
cally adapt to extreme environmental conditions (e.g., cold, 
heat, humidity) by integrating photothermal superhydropho-
bicity with responsive thermal regulation. Unlike current 
static materials that only heat or repel water, all-weather tex-
tiles would switch between modes: absorbing solar energy 
for heating in cold environments, reflecting sunlight for 
cooling in hot climates, and repelling water/ice year-round. 
For example, a textile coated with thermochromic photother-
mal nanoparticles could adjust its light absorption based on 
temperature—absorbing 90% of sunlight below 10 °C for 
heating and reflecting 80% above 30 °C for cooling, while 
maintaining superhydrophobicity to prevent rain or sweat 
accumulation [139, 271, 351]. This direction addresses the 

multi-stressor limitation by designing materials that thrive 
in variable conditions, with potential applications in outdoor 
apparel, building insulation, and agricultural covers.

The second direction is wearable human–machine inter-
face (HMI) Smart Textiles, which merges photothermal 
superhydrophobicity with flexible electronics to create 
interactive textiles for healthcare, fitness, and augmented 
reality. Current wearable devices often suffer from water 
damage or poor comfort, but photothermal superhydropho-
bic textiles could solve both: the superhydrophobic layer 
protects electronic components from sweat or rain, while 
the photothermal effect provides localized heating for thera-
peutic purposes (e.g., muscle relaxation). For instance, a 
smart textile sleeve could integrate pressure sensors to 
track movement, a photothermal layer to soothe sore mus-
cles, and a superhydrophobic coating to repel sweat—all 
while remaining breathable and washable [352–354]. This 
direction resolves the smart integration gap by designing 
functional layers that complement rather than compete with 
electronics, opening new avenues for personalized health-
care and human–machine interaction.

The third direction is high-value aerospace and defense 
applications, where photothermal superhydrophobic textiles 
can address unmet needs in extreme environments (e.g., air-
craft anti-icing, space suit thermal regulation). Aerospace 
surfaces are prone to ice accumulation and UV degradation, 
but photothermal superhydrophobic textiles could provide 
passive deicing (via solar heat) and self-cleaning (via water 
repellency) without heavy mechanical systems. For exam-
ple, a textile coating for aircraft wings could melt ice within 
5 min of solar exposure while repelling rain to prevent re-
icing, reducing fuel consumption by up to 15% compared 
to traditional deicing methods [355–357]. This direction 
leverages the multi-stressor resilience challenge by design-
ing materials for the harshest conditions, with potential to 
disrupt aerospace and defense industries.

The fourth direction is AI-assisted data-to-design devel-
opment, which aims to accelerate the rational design of pho-
tothermal superhydrophobic textiles. Unlike conventional 
trial-and-error approaches, AI can extract quantitative rela-
tionships from high-dimensional variables—including fiber 
type, photothermal filler composition and loading, coating 
thickness, surface roughness, pore structure, WCA, SA, pho-
tothermal conversion efficiency, air permeability, mechani-
cal durability, cost, and environmental safety—making it 
particularly suited for performance prediction, formulation 
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screening, and multi-objective optimization. A first prac-
tical role lies in standardizing characterization: machine 
learning models have achieved accurate hydrophobic con-
tact angle measurements from large droplet-profile datasets 
[358], which is highly relevant because the fibrous, rough 
nature of fabrics often makes wetting measurements less 
reproducible than on flat substrates, and AI-assisted image 
analysis could reduce operator bias and improve compara-
bility across laboratories. Building on this, a second role is 
predicting coating stability and durability—machine learn-
ing has been used to analyze the stability of eco-friendly 
superhydrophobic graphene-based coatings [359], and 
similar models for photothermal superhydrophobic textiles 
could be trained using descriptors such as coating chem-
istry, roughness scale, abrasion load, washing cycles, and 
UV exposure to identify combinations likely to maintain 
performance under long-term stress. In addition to stabil-
ity prediction, a third role is optimizing functional textile 
processing: machine learning-assisted development of PPy-
grafted yarns for e-textiles has shown that carefully selected 
experiments can identify optimal conditions and reduce 
experimental burden [360], a strategy directly applicable 
to photothermal superhydrophobic textiles where in situ 
polymerization, spray-coating, and dip-coating involve many 
coupled parameters that AI-guided design could optimize. 
Beyond process optimization, a fourth role is photothermal 
material screening—machine learning-guided exploration 
of carbon-based photothermal materials for solar evapora-
tion—has demonstrated accelerated identification of high-
performance light-to-heat conversion materials [361], and 
similar strategies could screen carbon materials, MXenes, 
conductive polymers, and plasmonic nanoparticles based on 
absorptance, efficiency, stability, and coating compatibility. 
Finally, generative models may further expand the design 
space: recent studies on GANs and diffusion models show 
that generative AI can propose candidate structures beyond 
simple database screening [362], and for photothermal supe-
rhydrophobic textiles, such models could suggest hierarchi-
cal surface architectures or multilayer structures balancing 
light trapping, air retention, and breathability. However, AI 
should be regarded as an auxiliary design tool rather than a 
replacement for experiments—because datasets in this field 
remain small and non-standardized, AI predictions must be 
validated by standardized wettability measurements, photo-
thermal tests, and durability evaluation, and future progress 
requires open databases integrating material composition, 

fabrication parameters, wetting behavior, photothermal met-
rics, and durability results to allow AI to become a practical 
tool for accelerating textile development [363, 364].

As we look to the future, photothermal superhydropho-
bic textiles stand at the cusp of revolutionizing industries 
from healthcare to aerospace. While the path to deployment 
is fraught with challenges, these challenges are not barri-
ers—they are invitations to innovate, to push the boundaries 
of material science, and to create textiles that are not just 
functional, but intelligent, sustainable, and life-changing. 
Imagine a world where your jacket heats you in the cold, 
cools you in the heat, repels rain, and monitors your health; 
where aircraft wings deice themselves with sunlight; where 
agricultural covers boost crop yields by regulating tempera-
ture and repelling pests. This is not a distant dream—it is 
a future within reach, waiting for researchers to seize the 
opportunities, overcome the challenges, and turn possibility 
into reality. The horizon for photothermal superhydrophobic 
textiles is bright, and the journey ahead promises to be as 
rewarding as the destination.
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